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“… 
To survive 
we'd all turn thief 
 
and rascal, or so says the fox, 
with her coat of an elegant scoundrel, 
her white knife of a smile, 
who knows just where she's going: 
 
to steal something 
that doesn't belong to her - 
some chicken, or one more chance, 
or other life.” 
© Margaret Atwood 
From ‘Morning in the Burned House’ 
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Sammendrag 
Økning i den menneskelige befolkningen og klimaforandringer kan påvirke 
utbredelsen, sammensetning, og bevegelsesmønster hos viltlevende dyr, og endre 
ulike arters realiserte nisje. Effekten av disse endringene på arter med en bred nisje 
er vanskelig å forutsi. Dette gjelder først og fremst arter som er hovedsakelig 
generalister, slik som de mellomstore predatorene. Med tanke på deres sentrale 
posisjon i næringsnettet, kan endringer i populasjonen påvirke både høyere og lavere 
trofiske nivåer. Det er derfor veldig viktig å forstå hvordan disse artene responderer 
på disse endringene. I denne avhandlingen har jeg studert rødrev Vulpes vulpes og 
Indisk rev Vulpes bengalensis, som typiske mellomstore predatorer, i en gradient av 
menneskelig påvirkning. Hovedmålet mitt var å identifisere de viktigste faktorene som 
påvirker utbredelse og bevegelsesmønster, og hvordan disse faktorene påvirker 
hverandre. Jeg undersøkte hvordan abiotiske faktorer påvirket byttedyrtilgangens 
effekt på utbredelsen av rødrev i områder med liten menneskelig påvirkning. I mer 
befolkede områder så jeg på hvordan menneskelig aktivitet påvirker oppdagbarheten 
av rødrev, og smitte av sykdommen skabb. I områder med høy menneskelig tetthet 
så jeg på hvordan mennesker påvirket habitatbruk og interaksjoner mellom Indisk rev 
og andre mellomstore predatorer i området. Jeg fant ut at menneskeskapte ressurser, 
enten gjennom en økt tilgang til åtsler eller gjennom en økt tilgang til menneskemat, 
er en av de viktigste menneskeskapte faktorene som påvirker mellomstore 
predatorer. En økt tilgang til kadaver av hjortevilt eller slakteavfall som en konsekvens 
av tamreindrift og jakt, kan øke tilstedeværelsen av rødrev i habitat med lav 
ressurstilgang eller øke oppdagbarheten i mer urbane områder. Samtidig kan en økt 
tilgang til menneskeskapte ressurser øke faren for smitte av skabb hos rødrev, og 
tiltrekke seg andre arter av mellomstore predatorer, slik som sjakal og jungle cat. 
Videre fant jeg ut at graden av å spesialiserer seg innen et habitat er viktig for å 
predikere hvordan en art responderer på menneskelig tilstedeværelse. For eksempel 
vil tap av habitat og tilstedeværelsen av arter assosiert med mennesker (f.eks. hunder) 
påvirke habitatbruk hos den habitatspesialiserende Indisk reven negativt. I 
motsetning til dette var mer opportunistiske arter i området positivt påvirket av 
menneskelig tilstedeværelse. For å konkludere så ser det ut som at mennesker kan ha 
både en positiv og en negativ effekt på mellomstore predatorer, og deres 
tilstedeværelse og påvirkning bør vurderes som en del av økosystemet, selv i 
uforstyrrede habitater med lav ressurstilgang.  
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Abstract 
Human expansion and climate change may influence the distribution, community 
structure, and activity patterns of wildlife and alter the realized niche of the species. 
The response of species with a wide niche breath to these changes may be diverse 
and difficult to predict. This is the case of predominantly generalized species like 
mesocarnivores. Given the central position in the food web of these species, changes 
in their populations may influence upper and lower trophic levels. Therefore, 
understanding their responses is of crucial importance. In this thesis, I studied the red 
fox Vulpes vulpes and the Indian fox Vulpes bengalensis as representative of the 
mesocarnivore community, in a gradient of anthropogenic influence. My main goal 
was to identify the main factors determining their distribution and activity patterns 
and investigate how these factors interacted with each other. I studied how the 
abiotic factors affected the influence of prey availability on the distribution of red 
foxes in marginal habitats of low human impact. In more developed areas, I studied 
how human activity influenced the detectability of red foxes and the transmission of 
a wildlife disease, the sarcoptic mange. In highly human dominated areas, I studied 
how the influence of humans affected the habitat use and the interspecific 
interactions of Indian foxes. I found that human subsidization of mesocarnivores, 
through an increased availability of carcasses or through an increased access to 
anthropogenic food, is one of the most important human-driven factors affecting 
mesocarnivores. An increased availability of ungulate carcasses or hunting remains 
consequence of the herding of semidomestic reindeers and hunting activity may 
increase the presence of red foxes in marginal habitat or increase their detectability 
in more developed areas. Likewise, an increased access to anthropogenic food may 
facilitate the transmission of sarcoptic mange in red foxes and attract other 
mesocarnivore species like jackals Canis aureus and jungle cats Felis chaus. 
Furthermore, I found that the degree of habitat specialization is important when 
predicting the response of a species to human influence. For example, habitat loss 
and the presence of species associated with humans (e.g. domestic dog) affected 
negatively the habitat use of Indian fox, which showed some habitat specialization. In 
contrast, more opportunistic species of that assemblage were positively affected by 
human presence. In conclusion, humans may have a positive or negative effect on 
mesocarnivore species and their influence should be considered intrinsic in the 
ecosystems even in apparently undisturbed marginal habitats.  
 4 
 
 Carricondo-Sanchez PhD Thesis 
Key words:  
Vulpes vulpes, Vulpes bengalensis, distribution, activity patterns, human 
impact, mesocarnivore, wildlife disease, interspecific interactions, 
detectability, food subsidization. 
Author’s address:  
David Carricondo Sánchez, Faculty of Applied Ecology, Agricultural Sciences 
and Biotechnology (A-EAB), Inland Norway University, Campus Evenstad, N-
2480, Koppang, Norway.  
Email: david.carricondo.sanchez@gmail.com 
Supervisor:  
Morten Odden, Faculty of Applied Ecology, Agricultural Sciences and 
Biotechnology (A-EAB), Inland Norway University, Campus Evenstad, N-2480, 
Koppang, Norway.  
Co-supervisors: 
Tomas Willebrand, Faculty of Applied Ecology, Agricultural Sciences and 
Biotechnology (A-EAB), Inland Norway University, Campus Evenstad, N-2480, 
Koppang, Norway.  
Gustaf Samelius, Snow Leopard Trust, 4649 Sunnyside Avenue North, Suite 
325, Seattle, WA 98103, USA. 
 
 
 
 
 
 
 
 5 
 
 Carricondo-Sanchez PhD Thesis 
List of publications 
This thesis is based on the following original publications and manuscripts: 
I. Spatial and temporal variation in the distribution and abundance of red 
foxes in the tundra and taiga of northern Sweden. Carricondo-Sanchez, D., 
Samelius, G., Odden, M., & Willebrand, T. (2016). European Journal of Wildlife 
Research, 62(2), 211-218. doi:10.1007/s10344-016-0995-z 
 
II. Seasonal variation in detection probability of red foxes along an 
environmental gradient in southern Norway. Carricondo-Sanchez, D., Odden, 
M., Devineau, O., Cano-Martinez, R., Linnell, J.D.C., & Odden, J. Manuscript. 
 
III. The range of the mange: Spatiotemporal patterns of sarcoptic mange in 
red foxes (Vulpes vulpes) as revealed by camera trapping. Carricondo-
Sanchez, D., Odden, M., Linnell, J. D. C., & Odden, J. (2017). PLoS One, 12(4). 
doi:10.1371/journal.pone.0176200 
 
IV. Co-occurrence of meso-carnivores in a human dominated landscape in 
Maharashtra, India. Carricondo-Sanchez, D., Odden, M, Kulkami, A., & Vanak, 
A.T. Manuscript. 
 
The original publications have been reproduced with the permission of the 
coauthors.  
 6 
 
 Carricondo-Sanchez PhD Thesis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 7 
 
 Carricondo-Sanchez PhD Thesis 
1. Introduction 
1.1. Niche concept and the distribution of species 
The range of abiotic conditions and food resources that a species requires to 
survive and reproduce is called the fundamental niche (Hutchinson, 1957). 
However, a species may not be able to express its fundamental niche because 
interspecific interactions such as predation or competition may limit its 
expansion and use of the resources (Hutchinson, 1957; Malanson, Westman, 
& Yan, 1992). The part of the fundamental niche that a species is limited to use 
is called the realized niche (Hutchinson, 1957), and the study of the factors that 
influence it often aims to predict the outcomes of conservation and restoration 
actions (Guisan & Zimmermann, 2000; Margules & Pressey, 2000).   
Changes in predation pressure or competition over resources may alter the 
realized niche of a species (Elbroch, Lendrum, Newby, Quigley, & Thompson, 
2015). Furthermore, other biotic interactions such as facilitation may 
contribute to expand it (Bruno, Stachowicz, & Bertness, 2003). Alterations in 
the realized niche of a species may be manifested as changes in its geographic 
distribution or activity pattern as they are correlated with the former (Guisan 
& Zimmermann, 2000; Ilse & Hellgren, 1995; Soberon, 2007). 
Human expansion and climate change may influence the distribution, 
community structure, and activity patterns of wildlife (Benitez-Lopez, 
Alkemade, & Verweij, 2010; Walther et al., 2002). Geographical ranges of many 
species have contracted (Laliberte & Ripple, 2004; Parmesan, 2006), some 
species have changed their behavior due to human interference (Frid & Dill, 
2002), and human activity have altered wildlife community structures (Oro, 
Genovart, Tavecchia, Fowler, & Martinez-Abrain, 2013; Ruiz-Capillas, Mata, & 
Malo, 2013).  
The response to environmental alterations by species with a narrow niche 
breath (i.e. specialized species) may be straightforward and easier to 
anticipate. However, species with a wide niche breadth (i.e. generalist species) 
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have a higher plasticity that allow them to adapt rapidly to these changes in a 
variety of ways, and therefore, their response is less predictable. 
Mesocarnivores are typically described as generalist species. Given the role of 
these species in the ecosystem, changes in their distribution and activity 
patterns may influence other components of the ecosystem. Hence, 
understanding the consequences of these changes is of crucial importance.  
1.2. Mesocarnivores in ecosystems 
 What is a mesocarnivore? 
In recent years, scientists have paid increased attention to the study of 
mesocarnivore communities. A search of ‘mesocarnivore’ (and derivates, e.g. 
meso-carnivore, mesopredator or meso-predator) in the Web Of Science 
reveals that the term was first mentioned as far back as 1995 (Goodrich & 
Buskirk, 1995). However, the use of the term has incremented exponentially 
during the last decade (Fig 1).  
Figure 1. Histogram depicting the number of publications per year based on the search of 
“(mesocarnivore$ OR (meso-carnivore$ OR (mesopredator$ OR meso-predator$)))” in Web of Science 
accessed the 23th of October, 2017. 
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This increase was probably a result of an emerging realization of the important 
role of mesopredator communities in the ecosystems and the responsibility of 
humans in the recent changes experienced by these species. Anthropogenic 
food subsidization, hunting, habitat alteration or climate change are some 
examples of the human driven factors affecting aspects of these species such 
as distribution, abundance or activity patterns (Elmhagen et al., 2017; T. M. 
Newsome et al., 2015; Prugh et al., 2009; Ritchie & Johnson, 2009).  
In spite of the escalation in popularity of the term, there is not a clear 
consensus of its definition. For example, Roemer, Gompper, and Van 
Valkenburgh (2009) referred to mesocarnivores as small or and medium 
species with a body weight lower than 15 kilograms. According to their diets, 
Van Valkenburgh (2007) defined mesocarnivores as carnivores with a diet 
consisting of about  50 to 70% of meat, and the rest composed of invertebrate 
material (e.g. plants, fungi, insects). In terms of their position in the trophic 
pyramid, they can be defined as predators that are at a lower position than 
apex predators, thus adding an ecosystem-specific dimension to the definition 
(Prugh et al., 2009; Ritchie & Johnson, 2009). In this context, mesocarnivores 
can sometimes take the role of the apex predator. Such is the case in otters 
(Lontra canadensis) in freshwater systems (Gittleman & Gompper, 2005) or 
coyotes (Canis latrans) in ecosystems absent of larger predators (Crooks & 
Soule, 1999). For the purpose of this thesis, I will regard a carnivore species or 
a community as mesocarnivore if it occupies an intermediate position in the 
food web.    
 From specialists to generalists  
Mesocarnivores range from specialist predators to generalists and facultative 
predators. Some species like weasels (Mustela nivalis) and stoats (Mustela 
erminea) base their diet almost solely on rodents (Jedrzejewski & 
Jedrzejewska, 1993). However, more common are the cases where a marked 
generalist character govern the feeding behavior of the mesocarnivore. 
Examples of this are the raccoon dog (Nyctereutes procyonoides) or the pine 
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marten (Martes martes), which are considered true generalist species 
(Jedrzejewski, Zalewski, & Jedrzejewska, 1993; Kauhala, Laukkanen, & von 
Rege, 1998). In some cases, a single species can display different levels of 
opportunism in different parts of its distribution range. Badgers (Meles meles), 
for instance, are considered to be overall food generalist (Roper, 1994). 
However, in some parts of Britain or certain habitat types in Spain, the badger 
can act as a specialist predator of earthworms (Kruuk & Parish, 1981; Virgos et 
al., 2004). Moreover, in some species, whether an individual is prone to exhibit 
specialist or generalist behaviors depends on prey availability. Genets (Genetta 
genetta), for example, although regarded as specialist predators of wood mice 
(Apodemus sylvaticus) in the Balearic islands, vary their diet seasonally and in 
different islands depending on prey availability (Clevenger, 1995). In northern 
ecosystems where seasonality is pronounced and the abundance of microtine 
rodents fluctuate among years, the diet of red foxes (Vulpes vulpes) varies 
according the availability of this prey (Jedrzejewski & Jedrzejewska, 1992).  
 Role and importance in ecosystems  
The wide niche breadth of mesocarnivores allow them to influence different 
species in different trophic levels in the ecosystems. One of the main functions 
of the mesocarnivore community is the top down control of prey species. For 
example, experimental removal of predators in western Finland manifested an 
additive effect of the mesocarnivore community on the densities of small 
rodents (Korpimaki & Norrdahl, 1998). In some carnivore assemblages, 
mesocarnivores may also reduce the abundances of smaller competitors. A 
reduction of island foxes in Santa Cruz and Santa Rosa islands due to an 
increased predation by golden eagles (Aquila chrysaetos) led to an increase in 
its inferior competitor, the island spotted skunk (Spilogale gracilis amphiala) 
(Roemer, Donlan, & Courchamp, 2002). A good example of effects on both 
prey and competitor took place during the outbreak of sarcoptic mange on red 
foxes in Fennoscandia in the decades of the 1970s and 1980s. The outbreak 
reduced the red fox population by 90% in some areas. The population decline 
was followed by an increase in several prey species such as the carpercaillie 
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(Tetrao urogallus), black grouse (Tetrao tetrix), and mountain hares (Lepus 
timidus), and an increase in a competitor predator, the pine marten (Martes 
martes) (E. R. Lindström, Brainerd, Helldin, & Overskaug, 1995). 
The indirect effect of mesocarnivores on other trophic levels is less clear. 
According to the cascading effects concept, an increase in the abundance of a 
predator can lead to a reduced herbivory and therefore an increase in the 
abundance of the primary producers (Hairston, Smith, & Slobodkin, 1960). In 
relatively simple linear trophic models consisting of a predator, a prey, and a 
primary producer species, this relationship is more apparent, and the removal 
of the predator may trigger a trophic cascade (Ripple et al., 2014). For example, 
the reduction of sea otters (Enhydra lutis) abundance by killer whale predation 
in Alaska led to an increase in sea urchin biomass. In turn, the overgrazing by 
sea urchins resulted in a loss of kelp forests (Estes, Tinker, Williams, & Doak, 
1998). Another example arose when the introduction of Artic fox in the 
Aleutian archipelago indirectly altered the vegetation community by reducing 
the seabird community that transferred nutrients to the soil (Croll, Maron, 
Estes, Danner, & Byrd, 2005). Adding compositional complexity will weaken 
this effect, for instance when a predator species is replaced by another within 
a carnivore assemblage composed of several competitive species (Gompper, 
Lesmeister, Ray, Malcolm, & Kays, 2016).  
Abiotic factors may also influence the top-down effects of the mesocarnivores 
in the ecosystem. Fluctuations in the climate, for instance, may lead to an 
increase in the bottom-up effects on the consumers by an increase in the 
primary producers. The increase might shadow, to some extent, the top-down 
effect of mesocarnivores (Ims & Fuglei, 2005; Meserve, Kelt, Milstead, & 
Gutierrez, 2003; Norrdahl, Klemola, Korpimaki, & Koivula, 2002). Likewise, 
other factors such as snow conditions may affect the predator directly and 
reduce the top-down effect by decreasing predation pressure (Barton & 
Zalewski, 2007). 
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Beyond top-down effects on the prey species, mesocarnivores have other 
important roles in the ecosystems. For example, they can function as seed 
dispersers (Willson, 1993). This dispersion can occur either by direct 
consumption of fruits (Koike, Morimoto, Goto, Kozakai, & Yamazaki, 2008), or 
by secondary seed dispersal (i.e. by consumption of the primary seed 
disperser) (Hamalainen et al., 2017). Certainly, mesocarnivores can transport 
seeds longer distances than other dispersers such as passerine birds (Jordano, 
Garcia, Godoy, & Garcia-Castano, 2007). 
More importantly, mesocarnivores may play an important role in disease 
dynamics. Wildlife diseases are an increasing problem due to the threat they 
represent to wild and domestic species, livestock, and humans (Daszak, 
Cunningham, & Hyatt, 2000; Gortazar, Ferroglio, Hofle, Frolich, & Vicente, 
2007). Midsized carnivores are susceptible and in many cases reservoirs of 
zoonotic diseases like sarcoptic mange or parvo-, rabies and distemper viruses 
(PRD) among others (Bornstein, 2001; Laurenson et al., 1998; Nel, Jacobs, 
Jaftha, & Meredith, 1997). The threat of these zoonoses lies in the potential 
spillover, and cross-species transmission (Kolodziej-Sobocinska, Zalewski, & 
Kowalczyk, 2014; Nel et al., 1997). Mesocarnivores can also play a role in the 
dynamic of other diseases by controlling populations of intermediate host 
(Levi, Kilpatrick, Mangel, & Wilmers, 2012).  
Because of the wide diversity of roles that the mesocarnivore community play 
in ecosystems, the understanding of the mechanisms that govern their 
distribution patterns is of crucial importance. Moreover, given our direct or 
indirect responsibility in the alteration of these roles, humans have a 
responsibility towards a sound management of these species. 
1.3. Factors affecting the distribution and activity patterns of 
mesocarnivores. 
Some factors shape the fundamental and realized niche of mesopredatores 
and consequently affect their distribution and activity patterns. 
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Importance of prey, the landscape, and other abiotic factors 
The abundance or the distribution of a natural prey species may affect the 
distribution and movement patterns of a mesocarnivore (Burton, Sam, 
Balangtaa, & Brashares, 2012; Mortelliti & Boitani, 2008; Soykan & Sabo, 
2009). Likewise, the distribution of other allochthonous food resources such 
as marine subsidies can be an important factor influencing the presence of the 
carnivore (Killengreen et al., 2011; Rose & Polis, 1998).  
The structure of the landscape is also important to explain the distribution of 
the species. For example, mesocarnivores can select their habitat according to 
their potential to offer shelter and avoid larger predators (Mangas, Lozano, 
Cabezas-Diaz, & Virgos, 2008). The size of the habitat patch or the connectivity 
between patches are also important in the distribution and expansion of 
mesocarnivores (Andren, 1994). 
Moreover, some abiotic factors affecting the landscape will also affect the 
distribution, abundance or activity patterns of mesocarnivores including snow 
conditions (Pozzanghera, Sivy, Lindberg, & Prugh, 2016; Thibault & Ouellet, 
2005), distance to a water source, or temperature (Cuyckens, Perovic, & 
Cristobal, 2015). 
 Importance of intraguild interactions 
Interactions between different species of the carnivore guild may affect the 
spatiotemporal distribution of mesocarnivores. Common ones are 
interference competition, exploitative competition or intraguild predation 
(Palomares & Caro, 1999). In order to avoid these interactions, the subordinate 
competitor may alter its distribution or activity patterns by spatial niche 
partitioning (Berger & Gese, 2007; Hersteinsson & Macdonald, 1992) or by 
temporal niche partitioning (Carothers & Jaksic, 1984; Monterroso, Alves, & 
Ferreras, 2014).  
 
 14 
 
 Carricondo-Sanchez PhD Thesis 
 Importance of diseases 
Zoonosis affecting wildlife often have a strong impact on the host species. For 
example, outbreaks can severely reduce the abundance and alter the 
population age structure of the species (McCallum et al., 2007; Mörner, 1992), 
or cause local extinctions (Ginsberg, Mace, & Albon, 1995). At the individual 
scale, wildlife diseases may cause a detriment of the body condition of the host 
(Newey, Thirgood, & Hudson, 2004; Newman, Baker, & Harris, 2002). In 
mesocarnivores, a detriment in the body condition might lead to a reduced 
hunting success and thus, to alterations in the movement and activity patterns 
(Todd, Gunson, & Samuel, 1981). 
1.4. Human impact and changes in mesocarnivore communities 
The influence of humans in the distribution, community structure or behavior 
of the wildlife species increases with human expansion (Benitez-Lopez et al., 
2010; Walther et al., 2002). The shape and direction of these effects, however, 
will vary markedly among wildlife species. For example, habitat fragmentation 
can affect different species positively or negatively (Fahrig, 2003). Whereas 
generalist species can be favored by some degree of habitat fragmentation 
(Andren, 1994), fragmentation may affect negatively other species (i.e. Cougar 
(Puma concolor)) (Beier, 1995). This variety of responses of wildlife to the 
influence of humans is mirrored in the mesocarnivore community and hinge 
on the species, the population or the community affected. Although all the 
effects derived from human activity are somehow interrelated and nested 
within each other, we can distinguish five different types of impact: 
Anthropogenic subsidization  
Subsidization of wildlife species by anthropogenic food can have consequences 
for wildlife at the individual, population, and ecosystem levels (Oro et al., 
2013). Given their role in the ecosystems, subsidization in predator species is 
particularly dire (Gompper & Vanak, 2008; T. M. Newsome et al., 2015). The 
availability of human waste, hunting remains or livestock can alter traits of 
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predators by changing movement patterns and home range sizes (Bino et al., 
2010; Newsome, Garbe, Wilson, & Gehrt, 2015), increasing abundances 
(Fedriani, Fuller, & Sauvajot, 2001) or altering interspecies interactions 
(Fernandez-Olalla et al., 2012). Intensive farming, for example, can subsidize  
and increase the abundance of  mesocarnivores, which in turn, will increase 
the pressure on the prey (Shapira, Sultan, & Shanas, 2008).  
Habitat alteration 
Loss and fragmentations of the natural habitat caused by agriculture expansion 
and urban development are threats for wildlife species (Saunders, Hobbs, & 
Margules, 1991). In general, the size of the habitat patch and the connectivity 
between suitable habitats are positively associated with the presence of 
mesocarnivores (Andren, 1994). However, mesocarnivores show species-
specific responses to habitat fragmentation (Gehring & Swihart, 2003). For 
example, habitat fragmentation may involve a loss of the natural habitat of the 
mesocarnivore, and thus, influence negatively the species by isolating 
populations (Dharmarajan, Beasley, Fike, & Rhodes, 2014). Conversely, 
fragmentation can also contribute to the creation of edge habitat, which can 
be preferred by some mesocarnivores as they offer cover and food 
requirements (Magrini et al., 2009; Salek, Kreisinger, Sedlacek, & Albrecht, 
2010). Nevertheless, although in some cases some degree of fragmentation 
can favor the species, surpassing certain levels can be detrimental (Caryl, 
Quine, & Park, 2012). Habitat fragmentation and habitat loss produce 
heterogeneity in the landscape. The preference of a homogeneous or a rather 
heterogeneous landscape might depend on the degree of habitat 
specialization and how mobile is each species (Gehring & Swihart, 2003). 
 Direct interference 
The direct presence of humans (e.g. hikers, cyclist, dog walking, etc.) in areas 
utilized by wildlife may affect the activity patterns of the resident species 
(Steven, Pickering, & Castley, 2011; Taylor & Knight, 2003). This is especially 
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true regarding species sensitive to human disturbance like carnivores (George 
& Crooks, 2006; Woodroffe, 2000). The persistence of this human presence 
over time might lead to either the extinction of a species in that location or the 
recolonization of a previously absent species (Rota et al., 2016; Schuette, 
Wagner, Wagner, & Creel, 2013).  
Likewise, the impact of human urbanization and expansion of human 
infrastructures (e.g. roads, water canals, power lines) affect the presence of 
mesocarnivores in different ways depending on the susceptibility of the 
species (Ordenana et al., 2010; Ruiz-Capillas et al., 2013; Wang, Allen, & 
Wilmers, 2015). At a community level, human interference with wildlife and 
exurban expansion can also alter interspecific interactions (Rota et al., 2016; 
Wang et al., 2015). 
 Associated species 
Frequently, native mesocarnivore communities have to coexist with species 
associated with humans such as domestic dogs and cats (Gehring & Swihart, 
2003). Such interactions may have negative consequences for the 
mesopredator (Hughes & Macdonald, 2013; Vanak & Gompper, 2009). Studies 
have shown how domestic dogs interact with mesocarnivores as competitors 
(Butler, du Toit, & Bingham, 2004; Silva-Rodriguez, Ortega-Solis, & Jimenez, 
2010), prey (Butler et al., 2004), predators (Campos, Esteves, Ferraz, 
Crawshaw, & Verdade, 2007), or by modifying their behavior through fear and 
interference (Vanak, Thaker, & Gompper, 2009). In other cases, domestic dogs 
can act as reservoirs of infectious diseases for the mesocarnivore community 
and therefore, represent a source of contagion for those species (Cleaveland 
et al., 2000). 
 Mesocarnivore release 
The additive effect of all these factors can ultimately lead to the partial or total 
eradication of a species from certain areas of its natural range. For example, 
populations of large predators have experienced a reduction of their natural 
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distribution worldwide mainly due to human development (Laliberte & Ripple, 
2004; Morrison, Sechrest, Dinerstein, Wilcove, & Lamoreux, 2007). The 
removal of a top-down control over the mesocarnivore community in an 
ecosystem can trigger an increase in its abundance. This is a well-studied 
phenomenon called mesopredator release (Prugh et al., 2009; Ritchie & 
Johnson, 2009). For instance, areas in Australia where dingoes (Canis lupus 
dingo) were less abundant had higher densities of mesocarnivore prey, 
suggesting that dingoes kept red fox and cat populations low (Johnson, Isaac, 
& Fisher, 2007). Likewise, the control of smaller carnivores by coyotes in 
fragmented landscapes in California, reduced the predation pressure over 
birds species (Crooks & Soule, 1999).   
1.5. Vulpes genera as a case of study 
In this thesis, I use the genus Vulpes as a representative of the mesocarnivore 
community. This genus comprises eleven species distributed worldwide except 
for South America and Antarctica. In most of its range, the species of this genus 
are part of the mesocarnivore trophic level in their ecosystems (Sillero-Zubiri, 
Hoffmann, & Macdonald, 2004). Specifically, I focus this thesis on the red fox 
(Vulpes vulpes) and the Indian fox (Vulpes bengalensis). 
The red fox has the largest distribution of carnivores worldwide (Lariviere & 
Pasitschniak-Arts, 1996). This large geographic range is a consequence of a 
generalist character that makes the red fox thrive in contrasting habitats like 
marginal natural areas or urban habitats highly influenced by the human 
presence (Macdonald & Reynolds, 2004). Moreover, red foxes feed 
opportunistically on different food sources that range from invertebrates, 
mammals, birds and fruits to carrion and  anthropogenic food (Cagnacci, 
Lovari, & Meriggi, 2003; Macdonald & Reynolds, 2004; Plumer, Davison, & 
Saarma, 2014).  
Contrary to the red fox, the Indian fox range is restricted to the Indian 
subcontinent (Gompper & Vanak, 2006). Regarding habitat use, Indian foxes 
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prefer grassland and open scrub forest avoiding areas of dense vegetation, 
deserts and steep slopes (Johnsingh & Jhala, 2004). Nevertheless, they are 
somewhat tolerant to human disturbance and can be found close to villages or 
agriculture land (Gompper & Vanak, 2006). Similar to red foxes, Indian foxes 
are opportunistic feeders with a diet consisting mainly of insects, small rodents 
and small birds and their eggs (Johnsingh & Jhala, 2004). 
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2. Objectives 
The variety of responses of the mesocarnivore community to the influence of 
humans and other factors is a reflection of their predominant generalist 
character. This peculiarity makes the study of these species challenging. The 
aim of this thesis is to investigate the responses of mesocarnivores to different 
conditions by studying a representative mesocarnivore genus, the Vulpes 
genus (particularly red fox and Indian fox). Specifically, this thesis will 
investigate how the factors affecting the distribution and activity patterns of 
mesopredators interact with each other in a gradient of anthropogenic 
influence. For that, I will address the following questions: 
Is the influence of prey availability on the distribution of red fox affected by 
abiotic factors? The habitat use of red fox is, to a large extent, determined by 
prey availability (Cavallini & Lovari, 1991; Halpin & Bissonette, 1988). 
Nevertheless, abiotic factors also have an important role in the distribution of 
foxes (Barton & Zalewski, 2007; Halpin & Bissonette, 1988). In the first chapter, 
I investigate the interactive effect of prey availability and abiotic factors on the 
distribution of red fox in a marginal habitat (i.e. low quality habitat (Kawecki, 
2008)) with a low level of anthropogenic disturbances.  
Are the seasonal changes in the detectability of foxes influenced by human 
activity? Barton and Zalewski (2007) showed that winter severity is an 
important factor limiting densities of red foxes in Eurasia. Furthermore, activity 
patterns of red foxes are likely to vary across seasons (Cavallini & Lovari, 1991). 
Because the detection probability of a species is a function of its abundance 
and activity (i.e. movement rates, length of activity periods), changes in these 
components should also be reflected in the detectability of the species. In 
chapter two, I study the effect of seasonality in the detection probabilities of 
red foxes and investigate how this effect varies in a gradient of habitat 
productivity and human influence.  
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Are the distribution patterns of a wildlife disease influenced by human 
activity? Human populated areas can act as hotspot for wildlife diseases that 
ultimately can affect the distribution of mesocarnivores (Williams, Yuill, Artois, 
Fischer, & Haigh, 2002). In the third chapter, I examine the factors determining 
the distribution of sarcoptic mange in red foxes. Additionally, I depict the 
dynamic of sarcoptic mange outbreaks and its relationship with human 
population distributions.  
Do humans influence the habitat use and the interactions between species 
in the mesocarnivore community? Interspecific interactions in the community 
affect the space use and the temporal activity of the mesocarnivores 
(Palomares & Caro, 1999; Ritchie & Johnson, 2009). In the fourth chapter, I 
study how intraspecific interactions shape the habitat use and activity patterns 
of a mesocarnivore assemblage in a heavily human dominated landscape in 
India.  
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3. Material and methods 
3.1. Study areas, the anthropogenic gradient 
The study areas represent a gradient of anthropogenic influence that consist 
of: (a) an area of marginal habitat in the northern Swedish tundra with low 
human impact, (b) an area dominated by boreal forest in south eastern 
Norway, with a moderate human influence, and (c) an area composed of highly 
human dominated landscapes in central India.  
Figure 2. Locations of the different studies depicting a) Paper I study area in Northern Sweden highlighted 
in grey, b) Papers II and III study area in South Norway where the gray cells represent the 10km2 grids 
where the cameras were located, and c) Paper IV study area in central India where dots are camera sites 
and circles depict buffer areas around the sites.    
The study of the effect of prey availability and abiotic factors in the red fox 
distribution (Paper I) was conducted in northern Sweden (Fig 2a). The study 
area covered 65375 km2 consisting mainly of open tundra, mountain birch 
(Betulla pubescens tortuosa) forest, and mixed boreal conifer forest.  The 
population density was 0.33 inhabitants per km2 (Statistics Sweden, 
www.scb.se), mainly concentrated in four townships. The herding of semi-
domestic reindeer is extensive in the area.  
I studied the seasonal variation in the detectability of red foxes and the effect 
of diseases on their distribution (Paper II and III) in southeast Norway (Fig 2b). 
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This study area extended for approximately 18000 km2 covering parts of the 
counties of Oslo, Akershus, and Østfold. The mean population density was 34 
inhabitants per km2 (Statistics Norway, www.ssb.no). The study area covered 
an environmental gradient that ranged from suburban areas and fragmented 
forest with an agriculture matrix in the south to landscapes dominated by 
alpine areas and boreal forest in the north. 
The study of the interactions within the mesocarnivore community (Paper IV) 
was carried out in a highly human dominated landscape of Maharashtra, India 
(Fig 2c). The study area covered 230 km2 including several villages that 
belonged to the municipalities of Baramati and Daund, with 397 and 380 
inhabitants per km2 respectively (www.census2011.com). The area consisted 
of a matrix of sugarcane fields, seasonal crops, communal grazing land, small 
villages, and forestry plantations.  
3.2. Data collection 
Snow tracking  
To study the effect of prey density and abiotic factors (Paper I), the presence 
and abundance of red fox and prey species (i.e. mountain hare, tetraonid 
species, small rodents, and ungulates) was monitored from 1974 to 1985 in  
2080 sampling blocks of 25 km2 in northern Sweden (Fig 2a). All the areas 
accessible with snow mobile in each sampling block was thoroughly searched 
(5.56 ± 0.10 km per sampling block) to detect signs of the focus species.  
Sampling blocks were monitored once every year. Average snow depth per 
sampling block was recorded and mean altitude was extracted from the 
National Land Survey of Sweden (www.lantmateriet.se). Additionally, I created 
an index of species richness defined as the number of different potential prey 
species in the sampling block.  
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Camera trapping in Norway 
 I used camera trapping data to study the effect of seasonality on the 
detectability (Paper II) and the role of diseases in the distribution (Paper III) of 
red foxes in southeast Norway (Fig 2b). Overall, I obtained data from 305 
cameras traps covering the full extent of the study area (Fig 2b). The cameras 
were active from winter 2010/2011 to summer 2015.  
To investigate the seasonal detection probabilities of foxes (Paper II), I used 
camera trapping data from December 2011 to December 2014 in order to 
obtain a balanced data across the years. I divided the year in three seasons 
according the red fox biology (Fig 3) and calculated the detectability of foxes 
defined as the daily probability of detecting a red fox per camera and season. 
I used variables related to human activity as potential predictors of the activity 
of foxes. I extracted agriculture areas and buildings from the NT50 map of 
Norway and populations densities from Statistics Norway (www.ssb.no). Then, 
I calculated their planar kernel densities with a bandwidth of the diameter of 
an average red fox home range in Scandinavia (95% MCP = 26 ± 6.7 km2) 
(Walton, Samelius, Odden, & Willebrand, 2017). I also calculated the distance 
from the cameras to the closest urban area and the number of moose and red 
deer culled per square kilometer (www.ssb.no). 
Figure 3. Justification of the three seasons defined according the biology of red fox for the study of the 
variations in red fox detections. 
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In order to explore the factors associated with the occurrence of sarcoptic 
mange in red foxes (Paper III), red fox photographic events were visually 
checked for lesions compatible with sarcoptic mange such as alopecia in the 
lower back and the tail of the fox (Fig. 4) (Oleaga et al., 2011).  I used each red 
fox event as a Bernoulli trial of a binomial process (i.e. presence or absence of 
mange-compatible lesion). I overlaid a grid of 10 km2 square cells on the study 
area in order to group cameras too close together and defined two seasons 
per year; i.e. winter, from October to March (roughly the months with snow 
cover), and summer from April to September (snow free months). From each 
10 km2 grid I extracted the proportion of agricultural land, and human 
settlements from the Vegetation Map of Norway (Johansen, 2009), and the 
mean population density from Statistics Norway (www.ssb.no). In addition, I 
used the number of months since the beginning of the study, the frequency of 
red fox events per day and camera, the season and the area. 
Figure 4. An example of two camera trapped red foxes with mange-compatible lesions. 
Camera trapping in India 
For the study of the interspecific interactions among mesocarnivores (Paper 
IV), I used a camera trap design in a human dominated land in Maharashtra, 
India (Fig 2c). To record the activity of Indian fox, jungle cat (Felis chaus), jackals 
(Canis aureus) and domestic dogs (Canis familiaris), I set up 40 camera trap 
locations spaced two kilometers apart from each other to ensure that the 
whole area was covered (Fig 2c). I used one camera trap per site that was active 
from dusk until dawn for six consecutive nights. The data obtained was 
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transformed into binary detection histories for each species and site (e.g. ysi = 
100101; species s was detected in location i at least once during the first, third 
and sixth trapping nights). I extracted habitat variables using buffers of 1000m, 
500m, and 100m around each camera site in order to investigate different 
scales of habitat selection of each species. To obtain the variables of interest I 
digitized satellite imagery of the study area. Then I extracted the coverage of 
forestry plantations, agriculture land, fallow land, and human settlements 
from each buffer size as variables of interest. Furthermore, I calculated the 
length of tarmac roads and irrigation canals in each buffer size. Additionally, I 
investigated the temporal interactions of the species following two 
approaches. (1) I created density curves of activity for each of the study species 
by calculating the kernel densities of the radian times of the camera-trapping 
events and calculated the coefficients of overlap for each pair of density curves 
(Ridout & Linkie, 2009). (2) I investigated the temporal interactions with dogs 
by calculating the Avoidance-Attraction Ratios (AARs) as the ratios of T2 
intervals over T1 intervals (Parsons et al., 2016). T1 intervals are the time span 
between the detection of the target species and the posterior detection of a 
dog and, T2 intervals are the time span between the detection of a dog and 
the posterior detection of the target species. 
3.3. Data analyses 
Red fox distribution 
To study the distribution of red foxes in relation to prey availability and abiotic 
factors (Paper I), we fitted 17 candidate logistic mixed effects models (GLMM). 
The set of candidate models included models with different combinations of 
presence of the main prey (i.e. small rodents) and presence of the alternative 
prey species (i.e. mountain hare, tetraonid species, and ungulates), models 
with the index of species richness, and models with snow depth and altitude 
interacting with the other variables. The continuous variables (i.e. altitude and 
snow depth) were standardized by (𝑥𝑖 − ?̅?)/(2 × 𝑆𝐷) (Gelman & Hill, 2007). I 
ranked the models according to their fit to the data by using the Akaike’s 
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information criterion (AIC) and considered models within two AIC units to be 
of similar quality (Anderson, Burnham, & White, 1998). 
 Detectability rates 
I investigated the seasonal variations in the detectability of foxes (Paper II) by 
fitting the daily detection probabilities to a set of regression models. Given the 
nature of the data (proportion data with an excess of zeroes), I used zero-
inflated beta regressions in a Bayesian framework. Zero-inflated models take 
into account and model the excess of zeroes. To do so, these models assume 
that there is a process that originates only zeros and another process that 
originates zero and non-zero data (Martin et al., 2005). This way, a zero in the 
data means either that the species is not present (only zeroes process) or that 
it was present but the camera failed to detect it (zeroes and non-zero process). 
I built a set of 26 candidate models by considering ecologically meaningful 
combinations of variables and interactions between the variables and the 
season. I then used the Left-one-out cross correlation values (hereafter LOO) 
as a model selection method (Vehtari, Gelman, & Gabry, 2016). 
 Occurrence of sarcoptic mange 
I used generalized linear mixed models in a Bayesian framework to study the 
factors affecting the occurrence of sarcoptic mange in red foxes (Papers III). I 
fitted a candidate list of nine models created by combining the variables of 
interest and interactions between them. Again, LOO values were used to carry 
out model selection. Additionally, in order to detect potential spatiotemporal 
cluster of the disease, I used the Kulldorff algorithm (Kulldorff, 1997) based on 
a Bernouilli probability. The Kulldorff algorithm takes into account failures and 
successes of the Bernoulli process and analyze them in three-dimensional 
cylindrical windows that move across the study area. The height and the base 
of these windows are flexible and represent the time and the space 
respectively.  
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Spatial interactions 
I studied the spatial interactions among the species of the mesocarnivore 
community in India (Paper IV) by using a Bayesian multispecies occupancy 
model (Rota et al., 2016). This model is a generalization of the single-species 
occupancy model (MacKenzie et al., 2002) to include two or more interacting 
species. In this model, the direction of the interaction between each pair of 
species reveal any spatial avoidance or association between them.  
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4. Prey availability, abiotic effects and distribution  
(Paper I) 
Previous studies have shown the importance of prey availability in the 
distribution of red foxes (Angelstam, Lindstrom, & Widen, 1984; Hersteinsson 
& Macdonald, 1992; E. Lindström, Angelstam, Widen, & Andren, 1987). This is 
in conformity with the results from Paper I, which show the importance of the 
availability of small rodents, tetraonid species, and ungulates. However, the 
results also show that this importance varies with snow depth and altitude 
(Table 1).  
Table 1.  Best model coefficients explaining the distribution of red foxes in northern Sweden in 1974 to 
1985 and 95% confident intervals. 
Model coefficients 
 Estimates 95% CI 
Intercept 0.081 (-0.062, 0.225) 
Rodents 0.707 (0.511, 0.904) 
Hares 1.116 (0.968, 1.264) 
Tetraonids 1.208 (1.064, 1.352) 
Ungulates 0.375 (0.246, 0.504) 
SnowDepth 0.244 (0.007, 0.482) 
Altitude -0.071 (-0.293, 0.150) 
Hares:SnowDepth -0.467 (-0.73, -0.206) 
Tetraonids:SnowDepth -0.218 (-0.481, 0.046) 
Ungulates:SnowDepth 0.265 (0.022, 0.508) 
Hares:Altitude 0.398 (0.118, 0.679) 
Tetraonids:Altitude -0.147 (-0.387, 0.092) 
Ungulates:Altitude 0.137 (-0.095, 0.370) 
 
The effect of the presence of ungulates (i.e. moose and reindeer) in the 
distribution of foxes is of special interest. Since foxes do not prey on these 
species, in my study, the effect of ungulates is probably a reflection of the 
dependency of red foxes on carrion during shortages of the main prey (i.e. 
small rodents). The likely origin of these carcasses is natural death, inanition 
under harsh winter conditions, predation, and human hunting (Saether, 
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Andersen, Hjeljord, & Heim, 1996; Tveraa, Fauchald, Henaug, & Yoccoz, 2003). 
The linkage between the availability of carcasses and red fox occurrence has 
been previously documented (Cagnacci et al., 2003; Henden, Stien, Bardsen, 
Yoccoz, & Ims, 2014; Needham, Odden, Lundstadsveen, & Wegge, 2014). Here 
I show that this relationship varies with snow depth so that the importance of 
carcasses for red fox distribution increases with deeper snow (Table 1). A 
possible reason for this is that it is probably difficult to hunt live prey, especially 
small rodents, when the snow is deep. Under these conditions, it is probably 
easier for the red fox to rely on carcasses. 
Likewise, the effect of other alternative species also interacted with abiotic 
factors. This was the case for mountain hares (Lepus lepus). Hares represent 
another important alternative prey for the red fox in Scandinavia (Danell & 
Hornfeldt, 1987; E. R. Lindström et al., 1994), but the results from Paper I 
revealed that the effect of hares on red fox occurrence varied with altitude and 
snow depth. The magnitude of the effect of hares decreased with snow depth 
and increased with altitude. Deep snow makes moving, and thus hunting, more 
difficult for the red fox. Therefore, other food resources like carcasses might 
be preferred in those conditions. Further, altitude was a surrogate for habitat 
composition in the analyses. In consequence, an increase in altitude entailed 
an increase in tundra landscape.  Hares may be more exposed in the open 
landscape and thus, easier to detect and catch. 
These results suggest that the increase of large ungulates like moose and 
reindeer in many areas of Scandinavia (Cederlund, Lovari, & Meriggi, 1996; Ims 
et al., 2007) may benefit red foxes. Furthermore, an increase in the availability 
of carcasses during the winter when other prey is scarce could stabilize the 
temporal dynamics of red fox populations in Scandinavia. Additionally, I show 
the importance of taking into account the interactions between prey 
availability and abiotic factors in order to predict the distribution and the 
dynamics of this mesocarnivore. 
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5. Seasonality and detectability (Paper II)  
Some human activities vary among seasons (e.g. hiking, hunting, seeding 
season). Therefore, the influence of humans on the abundance and activity of 
red foxes may differ seasonally. Likewise, a strong seasonality involving harsh 
winter periods may negatively affect red fox densities (Barton & Zalewski, 
2007). These changes should be reflected in the detection probabilities of red 
foxes as it is a function of the abundance and activity of the species  (Royle & 
Nichols, 2003). 
The best ranked zero-inflated model explaining the seasonal variation in the 
red fox detection probabilities revealed that the highest detectability occurred 
in the winter, whereas summer and autumn detectability remained low across 
the years (Fig. 5a). This is in accordance with the peaks reported in red fox 
hunting bag counts in Scandinavia (Stubbe, 1980). This peak is probably a 
consequence of high activity of foxes during the mating season and longer 
activity periods during long winter nights. Moreover, red foxes may forage 
more actively during periods of low availability of food.  
However, the seasonal differences decreased towards northern latitudes (Fig. 
5b). This decrease followed a productivity gradient that ranged from high 
productivity landscapes in the south, to low productivity areas dominated by 
boreal forest and alpine landscapes in the north. The severity of winter 
conditions in marginal alpine areas in the north when food is less available may 
affect red fox survival (Barton & Zalewski, 2007), and hence, reduce winter 
detection probabilities.  
The availability of hunting remains had a possitive effect in red fox detection 
probabilities during the autumn (Fig. 5c). The peak number of moose culled 
during the hunting season (25th September to 23th of December) occurs in the 
months of October and November, and therefore, the number of hunting 
remains available for the red fox is larger during that period. Foxes are 
attracted to the remains and cache surplus food (Sklepkovych & Montevecchi, 
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1996). This may increase their activity, and consequently, increase the 
detection probability in that period.  
 
 
Figure 5. a) Boxplot of the variation in detection probability of red foxes each season and year of the 
study period. b) Marginal effect of latitude in detection probability of red foxes each season. c) Marginal 
effect of hunting (number of big ungulates culled/km2) each season. 
 
I did not detect an effect of agriculture density or human settlements in the 
detectability of foxes; even though it has been previously shown that these 
variables affect other aspects of red foxes (Killengreen et al., 2011; Walton et 
al., 2017). Hence, although these factors may affect red fox abundance or 
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distribution, they may not be reflected in fox detection probabilities. A possible 
cause of this dissociation is that activity patterns of foxes may be altered in 
human-dominated areas. They may use natural patches, where the cameras 
were placed, mainly for shelter and resting, and forage more actively in the 
neighboring agriculture and periurban areas. This cause of dissociation has 
been suggested for white tail deer (Parsons et al., 2017) and for pumas and 
bobcats in urbanized areas (Lewis et al., 2015).  
 
Here I show how detection probabilities of a mesocarnivore vary seasonally 
and along a gradient of environmental productivity. The results show that 
different human-related factors affect the detectability of red foxes through 
changes in their abundance and activity patterns. Further human development 
might affect relatively undisturbed population from marginal areas. 
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6. Role of diseases (Paper III) 
Zoonotic diseases like sarcoptic mange can alter the host populations in 
different ways. For example, by increasing mortality rates (Uraguchi, Ueno, 
Iijima, & Saitoh, 2014), or altering movements when surviving individuals 
colonize the vacant territories of the deceased (Potts, Harris, & Giuggioli, 
2013). The results of Paper III suggest that humans mediate the manner in 
which sarcoptic mange affects a host population. The two best ranked model 
according to its LOO value included the interaction between season and 
distance to settlement, revealing that red foxes infected with sarcoptic mange 
occurred more frequently closer to human settlement than healthy ones 
during the winter (Table 2). This result suggest that anthropogenic resources 
may affect the development of the disease. 
Table 2. Parameter estimates form the best model explaining the presence of red foxes with mange-
compatible lesions in southeastern Norway. 
 Estimate l-95% CRI u-95% CRI Ȓ 
Intercept -3.90 -5.74 -1.86 1 
Time -0.04 -0.11 -0.01 1 
Dist_Settle -0.14 -0.88 0.54 1 
SeasonW 0.14 -0.78 1.69 1 
Dist_Settle:SeasonW -0.62 -1.24 -0.03 1 
Grid_id(sd(Intercept)) 2.14 1.60 2.86 1 
Time period(sd(Intercept)) 0.77 0.13 2.36 1 
 l-CRI and u-CRI refer to 95% lower- and upper credible intervals, and Ȓ refer to Gelman and Rubin´s 
 converge diagnosis. 
 
Additionally, the clusters detected by the spatiotemporal scan analysis (Figure 
4) suggested that the dynamics of sarcoptic mange in red foxes was 
characterized by small-localized outbreaks that disappeared after a time. 
Moreover, the sites included in the cluster with the highest likelihood were 
located closer to human settlements than the rest of the sites.  
 34 
 
 Carricondo-Sanchez PhD Thesis 
Two, not mutually exclusive, mechanisms can explain the high frequency of 
mange cases close to human settlements. A poor body condition due to 
advanced states of sarcoptic mange (Balestrieri et al., 2006; Oleaga et al., 2011; 
Simpson, Johnson, & Carver, 2016) may undermine the ability of the host to 
hunt live prey or locate and fight for carrion. Hence, the infected individual 
may approach human settlements in order to forage for easily accessible food 
resources. This has been previously reported for coyotes with a deteriorated 
body condition due to sarcoptic mange (Todd et al., 1981). Furthermore, 
Balestrieri et al. (2006), suggested that infected animals coming closer to 
villages searching for easy food sources may bias the apparent disease 
prevalence in road kills.  
Figure 4. Geographic distribution of significant clusters of red foxes potentially infected with sarcoptic 
mange identified by scan analysis. The circles define the size of the clusters and the numbers refer to the 
ranking position of each cluster according to its likelihood ratio. The red circle represents the cluster with 
the highest likelihood ratio. 
A second mechanism explaining this phenomenon may be related to the 
transmission dynamic of the disease. Although I discarded a density dependent 
transmission (the analyses did not detect a higher abundance of foxes close to 
settlements), a frequency dependent transmission due to an increased contact 
rate by an increased overlap between home ranges cannot be ruled out 
(Devenish-Nelson, Richards, Harris, Soulsbury, & Stephens, 2014). 
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Regardless of the mechanism, the results show that human activity can 
influence the dynamic of sarcoptic mange in red foxes. Moreover, outbreaks 
close to human settlements might increase the risk of infection of domestic 
animals, livestock or other wildlife (Kolodziej-Sobocinska et al., 2014).  
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7. Community interactions (Paper IV) 
In Paper IV I studied the intraguild interactions among four sympatric species 
(i.e. Indian fox, jackal, jungle cat, and domestic dog) in a mesocarnivore 
assemblage in a highly human dominated landscape of central India.  The 
results revealed the existence of spatial niche partitioning between Indian fox 
and jackals (Fig. 5). In contrast, the rest of the species overlapped in their 
habitat use. Assemblages of sympatric mesocarnivores in which a smaller 
member is displaced have been described previously (Lesmeister, Nielsen, 
Schauber, & Hellgren, 2015). 
 
Figure 5. Posterior distributions of the marginal occupancy probability of Indan fox conditional on the 
presence or absence of Jackal 
The spatial partitioning between foxes and jackals was probably a 
consequence of the differences in their habitat use. Foxes avoided human 
settlements and were positively associated with forest patches and with the 
mean size of habitat patch (i.e. habitat homogeneity, Fig. 6). Jackals, on the 
other hand, where positively associated with settlements. Indian foxes showed 
the most specialized habitat use among the study species. Consequently, the 
spatial segregation between Indian fox and jackals in this assemblage is in 
agreement with Soto and Palomares (2015) who showed that some degree of 
habitat specialization favored spatial niche partitioning. On the contrary, 
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jungle cats and dogs showed fewer associations with the different factors than 
the other studied species, and thus seemed more generalist. For example, they 
did not show clear associations with habitat except for a positive correlation 
with the presence of human settlements at the finest scale. The association 
with human settlements was also manifested in jackals. This pattern is possibly 
a result of a dependency of these three species on human food resources 
(Jaeger, Haque, Sultana, & Bruggers, 2007; Nowell & Jackson, 1996).  
 
Figure 6. Mean patch habitat area (i.e. habitat homogeneity) effect on the habitat use of Indian foxes at 
three buffer sizes. Solid lines represent the general trend and the shaded area the 95% credible interval. 
Although Indian foxes overlapped spatially with dogs, the results showed 
temporal niche partitioning between these two species. The detectability of 
foxes decreased with an increase in dogs detected per trapping night, the AARs 
showed longer time intervals to the detection of Indian foxes after a dog was 
detected (T2 intervals > T1 intervals), and the kernel density plots of activity 
revealed peaks of Indian fox activity when dog activity was lowest (Fig. 7). 
Vanak et al. (2009) already described some avoidance of dogs by Indian foxes 
showing that the latter reduced the visits to food trays that were exposed to 
dog odor. The other species did not manifest clear patterns suggesting spatial 
niche partitioning with dogs (Fig. 7). Avoidance behavior among species with 
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similar body size might not be as marked. Intraguild killing, for example, is less 
likely among species with similar body size (Palomares & Caro, 1999). 
The results suggest that species with some degree of habitat specialization 
might be more sensitive to human influence than the more generalist ones. In 
this mesocarnivore assemblage, the presence of humans may benefit jungle 
cats and jackals through food subsidization, but it may affect Indian foxes 
negatively through loss and fragmentation of habitats and by interactions with 
domestic dogs. 
 
Figure 7. Activity kernel density plots of the activity of Indian fox, jungle cat and jackal with domestic dog. 
Ticks along the y axis represent the actual observations for each of the species. 
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8. Conclusions 
This thesis investigated determinant factors for the distribution and activity 
patterns of mesocarnivores and how they interacted with each other along a 
gradient of anthropogenic influence. The results confirm the complexity of the 
responses of mesocarnivores to different influential factors and reveal the 
important role of humans in shaping the distribution and activity patterns of 
these species. 
The results suggest that the management of large ungulates can act as a strong 
influential factor for mesocarnivores. The association of red fox winter 
distribution with the presence of ungulates (Paper I) is most probably an 
indication of the dependence of foxes on carcasses in areas of deep snow 
where other prey species are less available. Further, hunting of large ungulates 
as a source of hunting remains was also an important factor increasing the 
detectability of foxes during autumn (Paper II), when the number of culled 
individuals was higher. This suggest that reindeer herding and moose hunting 
have a profound impact in the ecology of foxes through subsidization during 
periods when other resources are less available, which is in accordance with 
previous research (Henden et al., 2014; Killengreen et al., 2011; Needham et 
al., 2014). Interestingly, here I show that this is true not only for developed 
areas where the impact of humans is more apparent (Paper II), but also in 
marginal alpine habitats where the influence of humans is relatively low (Paper 
I). Moreover, the availability of hunting remains probably affects other 
mesocarnivores, like the pine marten, that can benefit from an alternative 
food source during periods of low availability of prey (Jedrzejewski et al., 1993; 
Wikenros, Stahlberg, & Sand, 2014). 
A similarly important factor affecting mesocarnivore distribution and activity 
is the proximity to human settlements, probably due to the accessibility to 
anthropogenic food (e.g. waste). This importance was manifested in the 
analyses in the associations between jackals, jungle cats and dogs with human 
settlements (Paper IV). Moreover, red foxes infected with sarcoptic mange 
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occurred close to settlements more often than healthy ones during the winter 
(Paper III). In addition, I speculated that a possible explanation for the 
disassociation between the detectability of red foxes and some human related 
variables was a change in the activity patterns of this species in developed 
areas (Paper II). 
In general, the results suggest the importance of subsidization of 
mesocarnivores by humans either through an increased availability of 
carcasses or through access to anthropogenic food. Indeed, food-subsidizing 
mesocarnivores can affect their distribution and activity patterns (Paper I and 
Paper II), their habitat use (Paper IV), and can have important implications in 
disease transmission (Paper III). In this context, humans may have a role as 
facilitators of mesocarnivores, and therefore, expanding the realized niche of 
these species (Bruno et al., 2003). My results support the conclusion from          
T. M. Newsome et al. (2015) in claiming that the availability of anthropogenic 
food and hunting remains for mesocarnivores should be managed and 
somehow restricted.  
My results also suggest that the degree of habitat specialization is an important 
aspect when predicting the response of a particular species to human 
influence. Whereas generalist species can easily adapt and often be favored by 
the addition of supplementary anthropogenic resources, species with a higher 
degree of specialization can be affected negatively by the result of human 
activities. As shown in this thesis (Paper I, II, and III), red fox is an example of 
the former. It can adapt and take advantage of the human influence in the 
ecosystem that it inhabits. Other examples of this are jackals and jungle cats in 
highly human dominated landscapes (Paper IV). On the contrary, human 
activities resulting in habitat loss and fragmentation or the introduction of 
species associated with humans (e.g. domestic dog) might affect negatively 
species showing some degree of habitat specialization like the Indian fox 
(Paper IV). My results on the susceptibility to human impact of species with 
some degree of habitat specialization confirm what has already been shown in 
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other species (e.g. bird species (Devictor, Julliard, & Jiguet, 2008), 
invertebrates (With & Crist, 1995)). 
This study revealed other important factors to take into account in future 
management actions. For example, I showed that during the winter, snow 
depth and altitude (a proxy for habitat) affected the influence of alternative 
prey on red foxes in marginal habitats (Paper I). This has important implications 
for the management of small game species as predation pressure from foxes 
may vary in different habitats and conditions. Further, I showed that species 
interactions within a carnivore guild are important for the habitat use of each 
of the members, especially in assemblages with species of very different body 
sizes. These intraguild interactions can lead to spatial niche partitioning (e.g. 
Indian fox and Jackal; Paper IV) or temporal niche partitioning (e.g. Indian fox 
and dog; Paper IV). Management actions directed to the conservation of a 
mesocarnivore or to its natural habitat might affect the intraguild interactions 
within the carnivore assemblage. Hence, these actions must take into account 
the relationships among the community members in order to predict the 
potential responses of non-target species.  
In conclusion, humans may have a positive (e.g. facilitation through 
anthropogenic food subsidization) or negative (e.g. human interference, 
alteration of the intraguild interactions) effect on mesocarnivore species. 
These effects may alter the realized niche of the species by expanding or 
reducing it. Humans should be no longer considered external agents affecting 
the ecosystems. On the contrary, my results suggest that the effect of humans 
is intrinsic in the ecosystems even in apparently undisturbed marginal habitats.  
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9. Future perspectives 
In this thesis, I show the importance of anthropogenic subsidies in the 
distribution and activity patterns of mesocarnivores. However, I did not study 
the effect of subsidization directly. Future research should focus in the design 
of experimental studies delving into the effects of human subsidization of 
mesocarnivores. There has been interesting approaches in this matter. For 
example, Henden et al. (2014) carried out a quasi-experiment placing camera 
traps in areas with different reindeer densities and found that carnivore 
occupancy increased with reindeer counts. Bino et al. (2010) manipulated the 
waste disposal in several villages to observe the numerical and spatial 
response of red foxes. Experimental or quasi-experimental approaches testing 
the effect of subsidization both in human dominated and undisturbed areas 
might reveal the influence of anthropogenic food sources in other aspects of 
mesocarnivores like their dynamics. For example, in Paper I, I speculated that 
an increase in the availability of carcasses could attenuate the interannual 
fluctuations in the Scandinavian red fox; such experiments could test for this 
hypothesis. 
The study of the detection probability of red foxes (Paper II) raised interesting 
questions about the possible impact of humans in the activity patterns of this 
species. For example, I did not detect an association with agriculture density, 
urban areas, or extra urban settlements; however, I argued that different daily 
activity patterns in developed areas could affect the detections probabilities of 
red foxes and thus, conceal the effect of human-related variables. Behavioral 
approaches, like the study of the temporal dynamics of the species (used in 
Paper IV), are gaining popularity (Frey, Fisher, Burton, & Volpe, 2017). 
Comparing daily activity patterns of populations influenced by human 
subsidization against marginal populations could reveal the impact of humans 
in the behavior of mesocarnivores. 
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Abstract Variation in the distribution and abundance of an-
imals in space and time are key concepts of population
ecology. We studied these variations in a population of red
foxes (Vulpes vulpes) in the tundra and taiga of northern
Sweden. We analysed 12 years (1974–1985) of snow track-
ing data from a large area of 65,375 km2. Specifically, we
evaluated to what extent the distribution of red foxes was
explained by the presence of prey and how this interacted
with snow depth and altitude. We also tested for temporal
linear trends in the distribution and abundance of red foxes
during the study period. The distribution of red foxes was
explained by the presence of rodents, hares, tetraonid spe-
cies, and ungulates (i.e. carcasses). Snow depth had a nega-
tive effect on the impact of small prey on the distribution of
the red foxes, whereas it had a positive effect on the impact
of ungulates. The influence of hares increased with altitude.
Neither distribution nor abundance of red foxes showed a
positive or negative linear trend, suggesting a stable popula-
tion in northern Sweden during our study. This study
showed that the distribution of red foxes was not only influ-
enced by the presence of their main prey (rodents), but also
by interactions between alternative prey, altitude, and snow
depth. This study also emphasizes the importance of ungu-
late carcasses for red foxes and for wildlife management.
Keywords Vulpes vulpes . Carcass . Snow depth . Temporal
trends . Alternative prey
Introduction
Understanding how the distribution and abundance of animals
vary in space and time is one of the main aims of ecology
(Begon et al. 1996). The need for this knowledge is increas-
ingly important today when human alteration of habitats and
environmental changes are strongly affecting the majority of
ecosystems worldwide (Walther et al. 2002). Food abundance
and competition for resources are key determinants for the
distribution of organisms (Osenberg and Mittelbach 1996;
Persson et al. 1996) although several studies show that the
mechanisms governing spatial and temporal variation in these
distributions often are complex even in relatively simple food
webs (e.g. Krebs et al. 1995; Post et al. 2000).
In recent years, much attention has been focused on top-
down effects on the abundance and distribution of
mesopredators due to the previous decline and recent return
of apex predator populations, e.g. mesopredator release
(Courchamp et al. 1999; Prugh et al. 2009; Ritchie and
Johnson 2009). However, bottom-up effects mediated by
changes in food availability may also affect mesopredator
abundance and distribution (Ritchie and Johnson 2009).
Increased human population densities and habitat fragmenta-
tion may provide new food resources and alter prey abun-
dance, respectively (Kurki et al. 1998; Fahrig 2003).
The red fox (Vulpes vulpes Linnaeus, 1758) has one of the
largest natural distributions of all mammals (Zimen 1980). It
preys on a wide range of animal species and feed
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opportunistically on food resources such as berries and human
garbage (Hartova-Nentvichova et al. 2010; Rosalino et al.
2010; Dell’Arte et al. 2007). The red fox occupies highly
contrasting habitats (Lariviere and Pasitschniak-Arts 1996),
and its distribution and abundance are determined to a large
extent by food availability (Barton and Zalewski 2007;
Rosalino et al. 2010; Gallant et al. 2012). In Scandinavia,
the main prey of the red fox is microtine rodents (Lindström
et al. 1987). Consequently, the production of young in
Scandinavia is known to follow the 3–4 year cycle of rodents
(Englund 1970; Lindström 1989; Lindström et al. 1994).
During periods of low availability of main prey, the red fox
includes a larger proportion of alternative food resources in its
diet, including small game (Angelstam et al. 1984; Lindström
et al. 1987) or ungulate carcasses (Jedrzejewski and
Jedrzejewska 1992; Selås and Vik 2006; Killengreen et al.
2011). Recent studies have shown that moose carcasses are a
main part of the winter diet of the red fox (Needham et al.
2014) and that red fox occupancy increases with higher den-
sities of reindeer in the area (Henden et al. 2014).
The red fox population in Scandinavia increased rapidly
from the 1940s to the 1970s (Selås and Vik 2006). This in-
crease was probably facilitated by reduced harvest, absence of
large carnivores, and increased food availability (Selås and
Vik 2006; Elmhagen and Rushton 2007). The latter may have
been caused by both direct and indirect human influences; an
increase on human living standards providing more garbage
(Killengreen et al. 2011), carcasses, and slaughter remains
from increased ungulate populations including semi-
domesticated reindeer (Ims et al. 2007; Angerbjörn et al.
2013) and increased abundance of rodents as a result of in-
creased clear-cutting in forestry (Michal and Rafal 2014).
It has been suggested that the increase in the red fox abun-
dance resulted in an expansion to higher altitudes and more
northern latitudes since the early twentieth century
(Hersteinsson and Macdonald 1992; Post et al. 2009;
Killengreen et al. 2011). The overabundance of semi-
domestic reindeer in northern Norway (Ims et al. 2007) has
probably provided red foxes with carcasses as an important
food resource during winter (Henden et al. 2010; Killengreen
et al. 2011). Moreover, a warmer climate and an increase in
primary productionwould ultimately lead to higher prey avail-
ability (Hersteinsson et al. 1989; Hersteinsson andMacdonald
1992). On the other hand, red foxes were already reported to
breed in the open tundra in the first half of the twentieth cen-
tury (Lönnberg 1926). It is thus unclear if the increased num-
ber of red foxes in the tundra is due to range expansion, or if it
mirrored a general increase in abundance throughout
Fennoscandia.
An increase in the red fox abundance may lead to elevated
predation rates which may affect the structure and function of
the ecosystem (Lindström et al. 1987, 1994; Danell and
Hornfeldt 1987). For example, the densities of mountain hare
(Lepus timidus), black grouse (Tetrao tetrix) and capercaillie
(Tetrao urogallus) have increased in periods when the abun-
dance of red foxes was reduced through control or disease
(Lindström et al. 1987, 1994; Marcström et al. 1988;
Smedshaug et al. 1999). Furthermore, Kjellander and
Nordström (2003) found a negative correlation between the
number of red fox litters and the ratio of roe deer fawns per doe.
Another example of the ecological impact of an increase in
the red fox abundance is the case of the Scandinavian arctic
fox (Vulpes lagopus). The arctic fox population in
Scandinavia experienced a decline due to an intensive harvest-
ing during the first part of the twentieth century (Lönnberg
1926) and has since not recovered. This has been partially
attr ibuted to competi t ive exclusion by red foxes
(Hersteinsson and Macdonald 1992; Killengreen et al. 2007;
Selås and Vik 2007; Henden et al. 2009) and therefore lethal
control of red foxes has been used in experimental manage-
ment in the tundra region (Angerbjörn et al. 2013). Despite the
importance of red foxes and their anticipated positive response
to climate change, information on the distribution and popu-
lation trends of red foxes in the tundra and taiga region of
northern Scandinavia is very limited.
The main objective of our study was to investigate how the
distribution of red foxes varied in space in relation to the
presence of main prey and alternative food resources and to
depict the relationships between these bottom up effects, alti-
tude and snow depth. We also investigated the relationship
between the red fox distribution and prey species richness.
In order to examine factors affecting the distribution of red
foxes, we analysed snow tracking data on distribution and
abundance of various wildlife species collected during
12 years in the tundra and taiga region of northern Sweden.
Additionally, we also examined the relationship between lin-
ear temporal trends and altitude in the distribution and relative
abundance of this red fox population.
Methods
Study area
This study was part of a monitoring program for the tundra
and taiga area in the northernmost county (Norrbotten) in
Sweden from 1974 to 1985 (Fig. 1). The data collection was
conducted by the Swedish Environmental Protection Agency
(SEPA). The study area (65,375 km2) had a human population
density of 0.33 people per km2 (Statistics Sweden (SCB)
2015) with ca. 5 % of the area covered by human settlements
and consisted of four townships. There are several large na-
tional parks (5932 km2) situated in the study area, and most of
the land (ca. 42,000 km2) is managed by the state. Traditional
semi-domestic reindeer herding by the indigenous Sami peo-
ple is extensive in the study area.
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The landscape can be divided into three main categories:
(1) treeless open tundra with limited vegetation, (2) mountain
birch (Betulla pubescens tortuosa) forest, and (3) mixed bo-
real conifer forest dominated by Norway spruce (Picea abies)
and Scots pine (Pinus sylvestris). The tree line in the study
area is approximately 950 masl in the southern part and about
600 masl in the northern part. The highest peaks are about
2100 masl and more than 200 glaciers can be found in the
area. Potential prey species for the red fox in the study area
included mountain hare, red squirrel (Sciurus vulgaris), black
grouse, capercaillie, hazel grouse (Bonasa bonasia), willow
grouse (Lagopus lagopus), rock ptarmigan (Lagopus muta),
and small rodents, which consisted of bank vole (Myodes
glareolus), northern red-backed vole (Myodes rutilus), field
vole (Microtus agrestis), tundra vole (Microtus oeconomus),
grey-sided vole (Myodes rufocanus), water vole (Arvicola
amphibius), and Norwegian lemming (Lemmus lemmus).
Large carnivores present in the area included brown bears
(Ursus arctos), wolverines (Gulo gulo), Eurasian lynx (Lynx
lynx), wolves (Canis lupus), and golden eagles (Aquila
chrysaetos).
Monitoring the abundance and distribution of mammals
and birds
The study area consisted of 2080 squared sampling blocks of
25 km2 that followed the Swedish map grid (RT90) on 5×5
km intersections. The distribution and abundance of red foxes
and potential prey species were monitored by recording the
number of signs per species observed per sampling block. In
each block, all signs of mammals and birds were recorded in
areas that were accessible with snow mobiles. These signs
included tracks in the snow, observations of animals, nesting
sites, scats and signs of foraging. Observers attempted to scan
and drive the whole study block and would scan the area with
binoculars from natural observation points (e.g. knolls or
ridges). The length driven within an area was dependent on
the degree of tree cover and boulders obstructing the line of
sight (5.56±0.10 km per block in average). All tracks were
registered as independent tracks unless further investigation
showed otherwise. For example, observers followed the tracks
in cases when they were uncertain if it was from one or two
animals to check if tracks joined up or if two animals had
walked in the same track. Snow depth, snow condition, cloud
cover, wind and temperature data were also measured in the
field. Sampling blocks were monitored once per year from
January to May plus a second visit to sampling blocks where
bears, wolverines, lynx and wolves had been detected. The
same two observers would travel through the same areas,
mostly following the same route.
Wind and precipitation can make it difficult to read tracks
on the snow. Hence, we only included data collected during
periods when favourable conditions of wind, precipitation and
snow allowed for the detection of rodent tracks. We used box
plots to identify outlayers and removed four observations with
values higher than 100 times the average. The resulting data
set consisted of 9984 surveys of the 2080 different sampling
blocks. Among these blocks, 1195 were visited three or more
years (lack of snow and severe weather prevented full cover-
age in all years).
Environmental data
We calculated the proportion of boreal forest and alpine tundra
for each sampling block by using the Intersect function in
ArcGis 9.3 (ESRI 2009) where we used a 1:250,000map from
the National Land Survey of Sweden as input data. We calcu-
lated mean elevation for each block by using the Zonal
Statistics function in ArcGIS 9.3 where we used elevation data
from the National Land Survey of Sweden as input data (the
resolution of input data was 50 m).
Statistical analysis
Distribution of red foxes
We used model selection to assess how the distribution
(presence/absence per sampling block) of red foxes varied
in relation to the presence of potential prey species. For this,
we fitted logistic mixed effect models by using the function
‘glmer’ in the R package lme4 (Bates et al. 2014; R
Development Core Team 2012). We derived a set of 17
candidate models constituted by models with different
Fig. 1 The location and extent of the study area in northern Sweden
where mammals and birds were monitored from 1974 to 1985
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combinations of the main prey and alternative prey species
as explanatory variables, models with an index of prey spe-
cies richness (number of prey species present in the sam-
pling block), and models with snow depth and altitude
interacting in different combinations with the variables listed
above. All candidate models included sampling block ID as
a random effect for the intercept to control for repeated
measures. We were interested in explaining the variations
in the data rather than obtaining a strong predicting power
and therefore we included models that contained up to 14
explanatory variables. We used variation around the grand
mean as a null model (i.e. model with no explanatory vari-
ables) of no effect of neither of the variables examined. We
used Akaike’s information criterion (AIC) to rank models
and considered models within two AIC units to be of similar
quality (Anderson et al. 1998).
Prey species categories were mountain hares, tetraonid spe-
cies (i.e. black grouse, capercaillie, hazel grouse, willow ptar-
migan and rock ptarmigan), small rodents and ungulates (i.e.
moose and reindeer as a source of carcasses). The index of
species richness was defined as the number of different poten-
tial prey species present in the sampling block (i.e. small ro-
dent, mountain hare, black grouse, capercaillie, hazel grouse,
willow- and rock ptarmigans, moose and reindeer). We stan-
dardized altitude and snow depth variables by using the fol-
lowing equation: xi  X
 
= 2 SDð Þ (Gelman and Hill
2007). Altitude was highly correlated with both the proportion
of boreal forest (Pearson’s r=−0.75, p<0.001) and the pro-
portion of tundra (r=0.84, p<0.001). Thus, the variable alti-
tude represented both altitude and habitat composition and we
excluded proportion of forest and tundra variables from the
models. We checked for collinearity of the explanatory vari-
ables, and we found no correlation between any of them.
Temporal trends
When examining for temporal trends in the red fox distribu-
tion and relative abundance (average number of signs per
sampling block), we restricted the analysis to only include
sampling blocks that had been monitored six or more years
(n=756 sampling blocks). These blocks were surveyed a total
of 6142 times.
We examined temporal trends in the red fox distribu-
tion and abundance by using mixed effect models (R
Development Core Team 2012). In order to assess the
relationship between the linear temporal trends and alti-
tude, we defined three altitude categories by dividing the
total altitude range, from 299 to 1419 masl, into three
zones of 373.3 m altitude range each, i.e. Blow altitude^
(<672.5 masl, n= 3693 surveys of 452 sampling blocks),
Bmedium altitude^ (672.5–1016.1 masl, n= 1832 surveys
o f 224 samp l i ng b locks ) and Bh i gh a l t i t ude^
(>1016.1 masl, n= 617 surveys of 80 sampling blocks).
The altitude categories contained different proportions of
boreal forest and tundra (low altitude: 61.51 % boreal
forest, 13.10 % tundra; medium altitude: 16.35 % boreal
forest, 74.80 % tundra; high altitude: 1.18 % boreal forest,
95.5 % tundra). Both models included sampling block ID
as a random effect for the intercept to control for repeated
measures.
Results
Distribution of red foxes
Red foxes were present in the majority of the study area in
all years. On average, red fox signs were found in 84.29 %
(±0.36 S.E.) of the sampling blocks in each year. Hare
signs were present in 63.60 % (±0.50 S.E.) of the sampling
blocks, rodents in 17.53 % (±0.38 S.E.), tetraonid species
in 81.72 % (±0.39 S.E.) and ungulates in 54.18 %
(±0.49 S.E.). The model in which the red fox distribution
was explained by the species richness index was 170.23
AIC units away from the top model. Instead, the presence
of rodents, hares, tetraonids and ungulates was important to
explain the distribution of red foxes as indicated by these
variables being included in the best models that accounted
for 62 % of the overall model fit (Table 1). When exclud-
ing the main prey (i.e. rodents), the model showed a delta
AIC of 69.57. The best model presented a marginal R2 of
0.40 (see Nakagawa and Schielzeth 2013). The presence of
hares, tetraonid species and ungulates as alternative prey
had highly positive effects on the distribution of red foxes
(Table 2). These variables interacted with snow depth and
altitude in different ways. The interaction with altitude was
positive for hares. The confidence intervals of the interac-
tion with altitude for large ungulates and for tetraonids
included zero and the effect was therefore inconclusive.
The best model also showed a negative interaction with
snow depth for hares and a less pronounced positive inter-
action between snow depth and ungulates. The interaction
between tetraonids and snow depth included zero in the
confidence intervals, and hence, we were uncertain of its
effect (Table 2).
Temporal trends
The presence and number of signs of red foxes per sampling
block varied among years (Fig. 2). However, there was no
positive or negative linear temporal trend in these variables
during the study period (Table 3). Similarly, there was no
positive or negative linear temporal trend in any of the differ-
ent altitude categories neither for the distribution nor the rela-
tive abundance of red foxes in the study area (Table 3).
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Discussion
The close association between the distributions of red foxes
and prey species observed in our study is in accordance with
previous findings (Angelstam et al. 1984; Lindström et al.
1987; Hersteinsson and Macdonald 1992). Halpin and
Bissonette (1988) found that snow depth affected habitat use
of red foxes by shifting the availability of the prey species.
However, we show that the magnitude of the effects of differ-
ent prey categories on the distribution of red fox also depends
on altitude and snow depth. This demonstrates that several
interacting factors must be taken into account in order to pre-
dict the distribution of red foxes, and not only prey abundance
or presence.
Ungulates as a source of carcasses have been shown to be a
significant part of the diet of red foxes during the winter period
or during low density phases in the rodent cycle (Jedrzejewski
and Jedrzejewska 1992; Cagnacci et al. 2003; Killengreen
et al. 2011; Needham et al. 2014). In our study, we show that
the presence of ungulates also affects the spatial distribution of
the red fox. Henden et al. (2014) recently showed that the
occupancy of the community of scavengers, including the
red fox, was higher where the density of reindeer was larger.
Selås and Vik (2006) also found a positive correlation between
the increase of red fox hunting bags and the increase of ungu-
late numbers in Norway. During the 12 years of our study, the
population of moose experienced a dramatic increase in north-
ern Sweden (Cederlund and Bergstrom 1996). Similarly, the
reindeer population in our study area increased markedly and
peaked in 1990 (Moen and Danell 2003). Accordingly, the
availability of carcasses for the red fox probably increased.
The origin of these carcasses possibly was death by disease,
inanition under harsh winter conditions, human hunting and
predation (Saether et al. 1996; Lavsund et al. 2003; Tveraa
et al. 2003). Our results show that the importance of carcasses
for the distribution of red foxes interacted with altitude and
snow depth. This importance increased as snow depth in-
creased. It is probably easier for the red fox to feed on car-
casses rather than on live prey in areas where deep snow
makes moving, and therefore hunting, difficult (see
Lindström 1983). Also, our study shows that the interaction
of altitude with the availability of carcasses was important for
the distribution of red foxes. However, the confidence interval
included zero, and hence, we are uncertain of the impact of
this effect. Given the habitat use of moose and reindeer, the
effect of this interaction could represent a bias towards the use
of carcasses of one of these species. Nonetheless, the second
ranked model in the model selection process differed from the
Table 1 Top ranked models
explaining the distribution
(presence/absence of signs per
sampling block) of red foxes in
northern Sweden in 1974 to 1985
Distribution model K ΔAIC AICWt LL
mod.1 Rodents + (hares + tetraonids + ungulates) * snow
depth + (hares + tetraonids + ungulates) * altitude
14 0.00 0.62 −3788.97
mod.2 Rodents + ungulates + (hares + tetraonids) * snow
depth + (hare + tetraonids) * altitude
12 2.04 0.22 −3792.00
The table shows model candidates, number of parameters in the model (K), difference in the Akaike’s information
criterion (ΔAIC), model weights (AICWt), and negative likelihood (LL). Sampling block ID was included as a
random effect in all the models
Table 2 Bestmodel coefficients explaining the distribution of red foxes
in northern Sweden in 1974 to 1985 and 95 % confident intervals
Model coefficients
Estimates 95 % CI
Intercept 0.081 (−0.062, 0.225)
Rodents 0.707 (0.511, 0.904)
Hares 1.116 (0.968, 1.264)
Tetraonids 1.208 (1.064, 1.352)
Ungulates 0.375 (0.246, 0.504)
Snow depth 0.244 (0.007, 0.482)
Altitude −0.071 (−0.293, 0.150)
Hares:snow depth −0.467 (−0.73, −0.206)
Tetraonids:snow depth −0.218 (−0.481, 0.046)
Ungulates:snow depth 0.265 (0.022, 0.508)
Hares:altitude 0.398 (0.118, 0.679)
Tetraonids:altitude −0.147 (−0.387, 0.092)
Ungulates:altitude 0.137 (−0.095, 0.370)
Fig. 2 Annual variation in % of sampling blocks with red fox signs ±
95 % CI (solid line) and average number of signs of red fox per sampling
block ± 95 % CI (dash line) in northern Sweden during the study period
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best model in that it did not include the interaction of altitude
and snow depth with ungulates. This model was 2.04 AIC
points away from the best model. This tells us that the effect
of these interactions might not be very strong, but it is impor-
tant to take them into account, especially in areas with con-
trasting numbers of different ungulate species. In conclusion,
the access to moose and reindeer carcasses may have
sustained the population of red foxes in northern Sweden dur-
ing harsh winters and years of low density of rodents
(Killengreen et al. 2011; Needham et al. 2014). Nowadays,
the recovery of large carnivores in Scandinavia (Chapron et al.
2014) may increase the availability of ungulate carcasses for
red foxes.We believe that a higher availability of carcasses for
the red fox could stabilize the temporal dynamics of the red
fox populations in Scandinavia.
Tetraonids species such as black grouse and ptarmigan rep-
resent an important alternative prey for red foxes (Lindström
et al. 1987, 1994; Smedshaug et al. 1999). Indeed, the pres-
ence of these species had a pronounced effect on the red fox
distribution in our study. However, the confidence intervals of
the interactions of tetraonids with altitude and snow depth
contained zero. Although the interactions per se were impor-
tant for the distribution of red fox, the direction of the effects
was inconclusive. This uncertainty may be attributed to the
fact that we did not differentiate different tetraonid species and
pooled species with different ecologies like capercallies and
rock ptarmigans. Future studies differentiating bird prey into
species may reveal more detailed patterns.
The presence of hares was also an important factor
explaining the distribution of the red fox in northern
Sweden. Many studies have previously shown the role of
this species as an alternative prey of the red fox (Danell
and Hornfeldt 1987; Jedrzejewski and Jedrzejewska 1992;
Lindström et al. 1994; Kauhala and Helle 2000). However,
here, we show that the importance of this species decreased
with snow depth. On the other hand, the interaction
between hares and altitude was positive. In contrast to
tetraonids, hares may be more exposed in the open
landscape and thus easier to detect and catch by the red
fox at higher altitudes.
According some authors (e.g. Hersteinsson and Macdonald
1992; Fuglei and Ims 2008), warmer temperatures during recent
years may have facilitated an expansion of the red fox popula-
tions to higher altitudes. Even though a warming trend has been
reported in our study area during the period of our study (Jonsell
et al. 2013), neither the distribution nor the relative abundance of
the red fox showed an increase in northern Sweden. Instead, our
data showed a stable population that, despite annual fluctua-
tions, did not manifest any positive or negative temporal linear
trend during the study period (i.e. 1974–1985). The red fox was
present in an average of 70 % (±2.27 S.E.) of the sampling
blocks in the highest altitudes (>1016.1 masl) which were areas
consisting almost solely of open tundra and glaciers. Hence, it
seems that the red fox was well-established in high altitudes in
northern Sweden during the study period. According to
Lönnberg (1926), the red fox was breeding in the open tundra
already in the early twentieth century.
The sarcoptic mange had a pronounced negative impact on
the red fox population in Scandinavia on a large scale (Mörner
1992; Lindström et al. 1994). However, our data show no
decrease in the distribution and relative abundance of the red
fox despite sarcoptic mange appearing in our study area
around 1977–1978 (Lindström and Mörner 1985). We there-
fore suggest that the sarcoptic mange had a low impact on the
red fox population in this part of northern Sweden due to the
low population densities and harsh winter conditions.
In our study, we have depicted factors explaining the
distribution of the red fox in northern Sweden and their
interactions with snow depth and altitude. Moreover, we
show that there is a relationship between the distributions
of red foxes and ungulates. Management of the
Scandinavian red fox populations in high altitudes should
take into account the increasing availability of carcasses giv-
en the increase in the abundance of several ungulate species
(e.g. moose and semi-domestic reindeer; Ims et al. 2007).
Furthermore, the relationship between small game, altitude
and snow depth has not previously been described. Our
study thus demonstrates that several interacting factors may
be important for predicting the distribution and dynamics of
the red fox in mountain ecosystems.
Table 3 Generalized linear
mixed model coefficients for the
analysis of linear temporal trends
in red fox distribution and
abundance and 95 % confident
intervals
Presence of red fox signs Number of red fox signs
Estimate 95 % CI Estimate 95 % CI
(Intercept) −5.493 (−106.424, 100.989) 16.358 (−35.884, 68.469)
Year 0.003 (−0.050, 0.054) −0.008 (−0.03, 0.018)
Low altitude −44.986 (−166.495, 74.353) 3.305 (−49.217, 60.721)
Medium altitude −1.934 (−135.626, 124.012) −5.349 (−62.890, 53.146)
Year:low altitude 0.023 (−0.036, 0.084) −0.001 (−0.030, 0.025)
Year:medium altitude 0.001 (−0.062, 0.069) 0.003 (−0.02, 0.032)
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Abstract 
Several carnivore species are experiencing rapid changes in their range and abundance mainly 
due to human expansion. The Scandinavian red fox is a good example of this, as its population 
is increasing, partially as a result of human influence. However, the influence of humans can 
vary over seasons in highly seasonal areas like Scandinavia. An improved understanding of 
how and why red fox abundance and activity vary in space and time is needed to predict 
potential negative outcomes of further population increase. We used 305 camera traps 
distributed across an area of 18000 km2 to monitor the probability of detection (a function of 
abundance and activity) of red foxes during three years in southeastern Norway. We depict how 
the detectability of red foxes varies seasonally, and how the influence of humans varies among 
seasons in a north-south gradient of habitat productivity. We studied these variations by fitting 
zero inflated beta regressions within a Bayesian framework. The daily detection probabilities 
of foxes averaged at 1.0 ± 1.8 % and the best ranked model included the interactions between 
season and latitude (proxy for productivity gradient), and between season and availability of 
hunting disposals. Winter detectability was highest in the southern region whereas seasonal 
differences were reduced toward the north. The availability of hunting remains increased the 
detectability of foxes during the autumn, when hunting of big ungulates peaks in this area. This 
study presents evidence of the seasonal variations of the influences affecting the detection of 
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foxes. Whereas winter detectability was determined by a productivity gradient, autumn fox 
detectability was influenced by hunting activities. We did not detect any effect of the studied 
variables on summer detection probabilities. Further human development in marginal habitats 
will probably affect the detection probability of foxes by altering both the abundance during 
the winter and the activity patterns of this species. 
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Introduction 
 
Monitoring the distribution and abundance of carnivores is increasingly important as several 
species and populations are experiencing rapid changes in their range and abundance (Laliberte 
& Ripple, 2004; Wolf & Ripple, 2017). Much attention focus on range contractions of large 
charismatic species such as the tiger (Panthera tigris) or the cheetah (Acinonyx jubatus) 
(Dinerstein et al., 2007; Durant et al., 2017). However, in Europe, protective legislation and 
public support has led to an increase in the numbers of large carnivores (Chapron et al., 2014). 
Other examples of carnivore community changes in Europe include the expansion of Golden 
jackals across the continent (Canis latrans) (Trouwborst, Krofel, & Linnell, 2015), the 
colonization of the north west of Italy by the pine marten (Martes martes) (Balestrieri et al., 
2010), and the increasing abundance and range expansion of the red fox in Scandinavia 
(Elmhagen et al., 2017). Shifts in distributions and changes in abundance of carnivores may 
have pronounced impacts on community structures and interactions. An example of this is the 
increase in the abundance of mesocarnivores when the apex predators are reduced (i.e. 
mesopredator release hypothesis) (Prugh et al., 2009; Ritchie & Johnson, 2009). In this regard, 
documenting changes in the mesocarnivore community is particularly important given their 
central positions in food webs and their wide reaching impact both as potential competitors and 
predators (Jedrzejewski, Zalewski, & Jedrzejewska, 1993; Lindström et al., 1994).  
The red fox (Vulpes vulpes) is one of the most widespread mammal worldwide (Sillero-Zubiri, 
Hoffmann, & Macdonald, 2004). In Scandinavia, foxes have an important role in the boreal 
ecosystem through their impact on the dynamics of their prey, including small game species 
such as the capercaillie (Tetrao urogallus), the black grouse (Tetrao tetrix), the mountain hare 
(Lepus timidus), or the willow grouse (Lagopus lagopus) (Lindström et al., 1994; Smedshaug, 
Selas, Lund, & Sonerud, 1999). Furthermore, Scandinavian red foxes have received attention 
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because they compete with and prey on the endangered Arctic fox (Alopex lagopus) 
(Hersteinsson & Macdonald, 1992). Therefore, changes in the red fox abundance and 
distribution might affect the boreal ecosystem structure and function.   
The abundance of Red fox has increased in Scandinavia since the first half of the twentieth 
century (Elmhagen & Rushton, 2007; Selås & Vik, 2006). It has been suggested that an increase 
in temperatures due to climate change resulted in an expansion to higher latitudes and altitudes  
(Elmhagen et al., 2017; Killengreen et al., 2011). Moreover, the subsidization of red foxes by 
humans through increased availability of hunting remains, access to carcasses originated from 
reindeer herding activities, or access to waste, might facilitate the colonization of new areas or 
affect the abundance or activity in occupied locations (Carricondo-Sanchez, Samelius, Odden, 
& Willebrand, 2016; Killengreen et al., 2011). However, regardless of the ultimate cause of the 
red fox population increase, it is important to gain an improved knowledge of the proximate 
factors affecting their distribution and dynamics, and to develop effective methods to monitor 
their populations. An improved understanding of how and why the red fox activity and 
distribution patterns vary in space and time is needed to predict the potential outcomes of further 
population increase.  
During the last decades, camera traps have been used to monitor different aspects of animal 
populations such as distribution (McShea, Forrester, Costello, He, & Kays, 2016), density 
(Chandler & Royle, 2013) or daily activity patterns (Ridout & Linkie, 2009). In particular, the 
use of camera traps to obtain occupancy estimates have received much attention (Burton, Sam, 
Balangtaa, & Brashares, 2012; Linkie, Guillera-Arroita, Smith, & Rayan, 2010). Occupancy 
models estimate the probability that a species is present in a location as a function of a real 
latent state and the probability of detection (MacKenzie et al., 2002). However, the study of the 
detection probability per se can offer interesting insights in activity patterns. Detection 
probability can be defined as a function of both the abundance and the activity rate (i.e., 
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movement patterns, daily active time) of the studied population (Royle & Nichols, 2003). 
Therefore, a change in any of these components will be reflected in the detection probability of 
the species. Regarding red foxes, activity and abundance (and thus, detection probability) are 
likely to vary substantially both spatially and over time, especially in low productivity and 
seasonally fluctuating environments like the boreal forests of Scandinavia. 
In this study, we depict how the detectability of red foxes varies seasonally, and how the 
influence of humans varies among seasons in a north-south gradient of habitat productivity. We 
used camera traps to record the detectability of foxes, expressed as the daily probabilities of 
detection, for three years in the southeast of Norway. 
According to hunting bags counts (Stubbe, 1980), we expected high red fox detectability in 
winter. Although low temperatures and low availability of food resources during this season 
might increase the mortality rate of red foxes (Barton & Zalewski, 2007), the mating season in  
late winter might also increase their activity (Sillero-Zubiri et al., 2004; Stubbe, 1980). 
Therefore, whereas red fox numbers might decrease during winter, fox activity probably 
increases. Additionally, we predicted that the influence of humans would be higher in winter, 
because preys are less available and foxes might depend more anthropogenic food resources 
(Killengreen et al., 2011; Needham, Odden, Lundstadsveen, & Wegge, 2014). The period from 
April to June correspond to the denning of foxes (Stubbe, 1980), and therefore, we expected a 
decrease in red fox detectability and a low influence of humans. We expected this detectability 
to increase again in the autumn, when the pups venture out of the dens and young adults start 
dispersing (Lloyd, 1980 as cited in ; Trewhella, Harris, & McAllister, 1988). In addition, 
hunting for big ungulates peak in the autumn in Norway, which makes more hunting remains 
availalbe for the red fox.  We expected the detectability of red fox to associate positively with 
hunting activities. Likewise, the proximity of the harsh winter conditions might increase the 
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dependence of foxes on alternative food sources, and therefore, we expected the detectability 
of foxes to be higher in locations close to human settlements. 
Material and methods 
Study area 
The study area is situated in the southeastern part of Norway and covers approximately 18000 
km2 (Fig. 1). It extends from 58.918N to 61.167N latitude (approximately 250 km) with an 
altitude ranging from three m.a.s.l. on the coast in the south, to 833 m.a.s.l. in the inland alpine 
areas in the north. The main climate types are temperate humid with cold summers in the south 
and temperate humid with very cold winters in the northern alpine areas (Peel, Finlayson, & 
McMahon, 2007).  The human population density ranges from 1.2 inhabitants per square 
kilometer in the northern marginal areas to 6535.5 in the most populated areas close to Oslo 
(http://ssb.no).  
The study area comprises an environmental gradient extending from periurban and suburban 
areas in a matrix of forest and agriculture land in the south (counties of Oslo, Ostfold, Akershus 
and Vestfold), to a low productivity landscape of alpine tundra and forest in the north (counties 
of Oppland, Telemark and Buskerud). The topography consist on flat and hilly areas in the 
south to higher altitudes of alpine tundra in the north. The main tree species are Norwegian 
spruce (Picea abies) and Scots pine (Pinus silvestris), with other deciduous species like birch 
(Betula pubescens) or hoary alder (Alnus incana) (Bouyer et al., 2015).  
Camera trapping 
The data used in this study is part of a camera trapping design initiated to complement the 
monitoring program of the Scandinavian lynx population (Linnell, Broseth, Odden, & Nilsen, 
2010; Linnell et al., 2007). We used data from 305 cameras obtained from 01/12/2011 to 
31/11/2014.  
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The camera traps were distributed across the study area to ensure total coverage (Fig. 1). Each 
site was selected to maximize detection by using forest roads, human and animal trails, or 
natural movement routes. At each site, the camera traps (Reconix models HC500, HC600, 
PC800, and PC900) were placed 30-60cm above the ground, pointing towards a natural path. 
They were functional 24 hours a day, all year round. They were set up to be triggered by  
movement  and to take three pictures per activation. A few drops of lure (catnip oil, valerian oil 
or beaver castorium) were placed in front of each camera, to attract passerby. The sites were 
visited once a month for maintenance and to collect the photographs that were later uploaded 
to http://viltkamera.nina.no. See Carricondo-Sanchez, Odden, Linnell, and Odden (2017) for a 
detailed description of the study design and camera setup. 
Data extraction 
We extracted (i) the agricultural land, (ii) altitude, and (iii) extra-urban houses from the NT50 
map of Norway (http://kartkatalog.geonorge.no) and retrieved (iv) the average population 
density from a 5 by 5 km2 map from Statistics Norway (http://kart.ssb.no). We converted 
agricultural land and population density polygons to rasters of 100m cell size and subsequently 
to points. We then calculated the planar kernel density of agriculture land, human density, and 
extra-urban houses with a bandwidth equal to the diameter of an average home range of red fox 
(26 ± 6.7 km2) (Walton, Samelius, Odden, & Willebrand, 2017).  Additionally, we calculated 
(v) the distance from each camera to the closest urban area, and obtained (vi) the latitude from 
each site. We used ArcGis 10.3 (ESRI, 2009) to extract these values. Finally, we calculated the 
(vii) cumulative numbers of moose and red deer culled (www.ssb.no) per square kilometer at a 
municipality level each year as a measure of hunting remains available to red fox (‘hunting 
remains’ hereafter). All variables were standardized by two standard deviations (Gelman & 
Hill, 2007). To ensure spatial independence of the camera sites, we grouped cameras too close 
to each other by creating a grid of square cells of 10. 
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In order to investigate the seasonal variation in detectability, we defined three 121-days seasons 
as winter, summer and autumn, based on the biology of the red fox. The winter season 
(December 1st -- March 31st) represents the months with snow cover and harsh climate 
conditions. It includes the mating period (Sillero-Zubiri et al., 2004; Stubbe, 1980). The 
Summer season (May 1st --August 31st) coincides  with the denning period (Stubbe, 1980). 
During the autumn season (September 1st – November 30th ), the pups will venture out of the 
dens and most juvenile dispersal will take place (Lloyd, 1980 as cited in; Trewhella et al., 1988) 
(Fig. 2).   
The daily probability of detection was calculated as the proportion of days per season with at 
least one red fox detection for each camera. We weighted these values with the number of days 
that the cameras were active per season. We only considered the cameras that were operational 
for at least half a season (60 days or more).  
Analyses 
We checked for collinearity between the variables with Pearson’s correlation tests. We found a 
high collinearity between latitude and altitude (r= 0.709), so we removed altitude and kept 
latitude, because it explained a higher proportion of the variation. Exploratory models using 
year and season as covariates revealed these variables collinear (Fig. 3). As we were mostly 
interested in seasonal variations, we retained season and discarded year in subsequent models. 
Nevertheless, we used the exploratory model to show the annual variation in detectability.  
We used zero-inflated beta regressions within a Bayesian framework to model the relationship 
between the probability of detection and the explanatory variables. These models allow for an 
“excess” of zeros by separating a process generating zeros from a process generating zero and 
non-zero observations (Martin et al., 2005). With our data, for example, a zero-detection could 
be due to the absence of fox or to the failure of the camera to detect a fox.  
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We built 26 candidate models by considering ecologically meaningful combinations of 
variables and interactions between season and other predictors (Appendix I). The 10km2 grids 
were used as a random intercept for both the beta regression and the zero-inflated part of the 
models. We used season to correct for the seasonal variation in the zero-inflated part in all the 
models. The models were fitted with the brm function in   package brms (Buerkner, 2016) in R 
(R Core Team, 2017). We used a normal (µ=0, ơ=10) and a t-student distribution (df=3) as 
weakly-informative priors for the fixed coefficient and the random intercept, respectively. We 
ran three chains with 3000 iterations, discarding the 1000 iterations as as burn-in.  Convergence 
was assessed by visually investigating the convergence plots and with the Gelman and Rubin’s 
convergence diagnostics (Ȓ) (Gelman & Hill, 2007). The  leave-one-out cross-validation values 
(hereafter LOO) were used as a model selection method (Vehtari, Gelman, & Gabry, 2016).   
 
Results 
The average daily detection probability was 0.01 ± 0.018 with 58.3% of the observations being 
zeros. All the models converged visually (Apendix II) and presented a Ȓ of one. The best ranked 
model according to the LOO value (Table 1) included the variables season, latitude, hunting 
remains, and the interactions between season and latitude, and between season and hunting 
remains.  
The highest red fox detectability occurred during the winter season (Fig. 4), consistently over 
the three years (Fig. 3). Nevertheless, winter detectability decreased from 2013 to 2014, which 
in turn affected the overall probability of detection between 2013 and 2014 (Fig. 3). Red fox 
detection probabilities decreased as latitude increased following the productivity gradient 
(Table 2). Interestingly, this effect was stronger during the winter season. Indeed, at the highest 
latitudes of low productivity there was no marked differences in detectability among the three 
seasons (Fig. 5). Whereas there was almost no effect of the availability of hunting remains 
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during summer and winter seasons, this factor had a positive effect on the detection probability 
of red foxes during the autumn, when the hunting of big ungulates was more intense (Fig. 6). 
Surprisingly, the variables related to human impact (i.e., density of agriculture, density of extra-
urban houses, distance to urban area, and population density) did not show any effect on the 
probability of detecting a red fox (Table 2).  
 
Discussion  
This study presents evidence of the seasonal variations of the influences affecting the detection 
probabilities of red foxes. Whereas detectability was determined by a habitat productivity 
gradient in winter, it was influenced by human hunting activities in the autumn. We did not 
detect any effect of the studied variables on summer probabilities of detection. 
We found that the detectability of foxes during winter was markedly higher than during summer 
and autumn. Winter, as we defined it here, comprises both the mating season and the late 
dispersion of young individuals (Lloyd, 1980; Stubbe, 1980). During the mating season, the 
males increase their activity when searching for receptive females, whereas the activity of the 
females increases when searching for a suitable denning place (Macdonald, 1980). Red foxes 
may also forage more actively in winter when food is less available. Furthermore, given the 
nocturnal character of the red fox (Macdonald & Reynolds, 2004), the long winter nights 
probably favor longer active periods. A higher activity of red foxes during this season may have 
a greater influence in the detection probabilitiy than the mortality due to harsh conditions 
(Barton & Zalewski, 2007). A peak in the winter has been also reported in hunting bag counts 
(Stubbe, 1980). 
However, the differences in fox detectability between seasons decreased toward the north of 
our study area, where detectability in winter was lower. This reflects, at a lower scale, the 
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negative latitudinal gradient in fox densities shown in Barton and Zalewski (2007) which has 
also been observed in microtine rodents, the main prey of red fox (Jedrzejewski & 
Jedrzejewska, 1996). Here we show that this gradient also affects the detectability of the fox. 
The latitudinal gradient comprises a productivity gradient in our study area. It encompassed the 
transition from more productive areas in the south, corresponding to the boreonemoral 
vegetation zone, to the higher and less productive boreal vegetation zone in the north, mainly 
composed of alpine areas (Hagen et al., 2013). The harsh winter conditions found in the latter, 
especially during periods of low availability of prey, can be physiologically challenging for red 
foxes and may affect survival, reducing their numbers (Barton & Zalewski, 2007), and thus 
causing the lower detectability and the low seasonal differences in northern areas. 
As expected, the summer months showed the lowest detectability of red foxes. This season 
mostly comprises the gestation, suckling and weaning periods, most of which taking place in 
or nearby the den (Macdonald, 1980). These activities are carried out by females while males 
are still actively foraging. Moreover, sex ratio is male-biased in red foxes (approximately 1.5:1) 
(Stubbe, 1980). Nonetheless, the proportion of females in the population which activity goes 
undetected may be sufficient to lower the overall red fox activity. In consequence, the 
probability of detecting red foxes decreased during this period.  
The detectability of foxes during the autumn slightly increased after the summer months, and 
was positively associated with the availability of hunting remains. The moose hunting season 
in Norway is open from September 25th to December 23th with small variations between 
municipalities, and it overlaps with red deer hunting which is only closed from mid-April to 
mid-July (http://www.miljodirektoratet.no). Moose hunting represented 92.78% of all hunting 
in our analyses, and therefore it had the highest influence in the detectability of foxes. It has 
been shown that the availability of carcasses improves the survival of red foxes low prey 
availability periods like winter (Cagnacci, Lovari, & Meriggi, 2003; Carricondo-Sanchez et al., 
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2016). During the peak of the hunting season, the availability of hunting disposals is probably 
at its highest. Therefore, the detection probability of foxes may increase by an increased 
movement rate when foxes search for carcasses or cache remaining parts in preparation for the 
harsh winter period (Sklepkovych & Montevecchi, 1996; Vander Wall, 1990).   
However, the detectability of foxes was lower than expected during autumn. Detection 
probabilities of red fox could potentially increase due to the recruitment  and the dispersal of 
young adults mostly happening during the autumn months (Lloyd, 1980 as cited in ; Trewhella 
et al., 1988). Nevertheless, the movement of pups when they venture out of the dens is restricted  
(Devenish-Nelson, Richards, Harris, Soulsbury, & Stephens, 2014), and therefore, the increase 
in activity due to this early recruitments may not influence the probability of detecting red foxes 
in our camera traps.  
Interestingly, we did not detect any association of the detection probability of red foxes with 
the density of agriculture, exurban houses or distance to urban areas. It has been previously 
reported that the proportion of agriculture land has a negative impact on the size of red fox 
home ranges (Walton et al., 2017), and that the availability of anthropogenic food increases the 
presence of red foxes and other canid species close to human settlements (Fedriani, Fuller, & 
Sauvajot, 2001; Killengreen et al., 2011; Novak, Wolf, Coblentz, & Shepard, 2017). 
Furthermore, Carricondo-Sanchez et al. (2017) showed that  red foxes affected by sarcoptic 
mange were more often encountered in the vicinity of human settlements than healthy foxes. 
The density of agriculture land and human settlements could affect some aspects of the red fox 
population dynamics like abundance or territory size, but these effects might not be mirrored in 
fox detectability. Dissociations between abundance and probability of detection (i.e. lower 
detectability at higher densities) have been already reported between two similar species, the 
Andean cat (Leopardus jacobita) and the Pampas cat (Leopardus colocolo) (Reppucci, Gardner, 
& Lucherini, 2011). Moreover, Parsons et al. (2017) found similar dissociations for white tail 
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deer that were close to urban areas and in natural areas were the deer was hunted. They argued 
that different movement patterns in these areas might be the cause of this dissociation; deer 
might be less active during daytime in the forest and might forage more actively closer to 
humans during the night. This was also the case with pumas and bobcats in urbanized areas 
(Lewis et al., 2015). It can be similar for foxes in developed areas. They might be less active in 
natural patches, where our cameras were located, and forage more widely for alternative food 
sources close to human settlements or agricultural fields. Further analyses on these data should 
focus on the temporal activity patterns of the red fox in relation to human development (Frey, 
Fisher, Burton, & Volpe, 2017).  
In conclusion, our results suggest that human activity might influence the changes in 
detectability of foxes in southeastern Norway. High human disturbance and food subsidization 
may reduce winter mortality and alter activity patterns respectively, which in turn, affect the 
detectability in the winter. On the other hand, autumn detection probabilities are mainly 
influenced by subsidization through hunting disposals. Further human development in marginal 
habitats and a lack of management of hunting disposal and human waste will probably affect 
the detection probability of foxes by altering both the abundance during winter and the activity 
patterns.  
The use of camera traps for the study of animal activity is a topic that is increasingly gaining 
interest in the scientific community, especially for the study of daily temporal patterns 
(Carricondo-Sanchez, Vanak, Kulkarni, & Odden, 2018; Frey et al., 2017). Here, we 
demonstrate the validity of camera traps to study the variation in the detectability of foxes 
across seasons and show how habitat characteristics and human activities can affect this 
detectability. The dissociation between probability of detection and density might mislead 
management decisions. Parsons et al. (2017) recommended not using detection rates for making 
management decisions in heterogeneous landscapes  since variations in a particular landscape 
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feature (e.g. variation in house density or agriculture land) might influence the detection of the 
animal. However, good density estimates are difficult to obtain, especially for species where 
individual recognition is not possible. In these cases, indexes are commonly used.  Population 
density will influence detection probabilities to some extent, and thus, the study of this aspect 
will be useful to inspect and monitor changes over time, which would be otherwise difficult to 
observe.  
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Tables 
Table 1. Leave-One Out cross validation values and standard error for the highest ranked candidate 
models in ascendant order.  
Model ID Model structure* LOO SE 
Model19 latitude + season + hunt + hunt : season + latitude : season -902.78 78.13 
Model18 latitude + season + hunt + hunt : season -901.68 78.13 
Model14 latitude + season + latitude : season -899.62 78.03 
Model16 latitude + season + hunt -899.08 78.07 
*All models included grid ID as a random intercept in the zero inflated and the beta regressions. 
  All models included season in the zero inflated regression.  
 
 
Table 2. Parameter estimates from the best ranked model when studying the variation in the 
detection probability of red foxes.  
 
Estimate Est.Error 
l-95% 
CRI 
u-95% 
CRI 
Ȓ 
Beta distribution effects 
Intercept -3.39 0.05 -3.49 -3.28 1 
Latitude -0.12 0.06 -0.24 -0.01 1 
Summer -0.42 0.08 -0.58 -0.26 1 
Autumn -0.27 0.08 -0.43 -0.11 1 
Hunting/km2 -0.05 0.05 -0.15 0.05 1 
Hunting/km2 : 
Summer  0.04 0.09 -0.14 0.2 1 
Hunting/km2 : Autumn 0.23 0.09 0.06 0.39 1 
Latitude : Summer 0.14 0.08 -0.02 0.31 1 
Latitude : Autumng 0.03 0.08 -0.13 0.18 1 
Random intercept 0.17 0.08 0.01 0.3 1.01 
Zero-inflated effects 
zi_Intercept -0.5 0.19 -0.87 -0.14 1 
zi_Summer 0.63 0.21 0.22 1.03 1 
zi_Autumn 0.79 0.21 0.4 1.22 1 
Random intercept 1.13 0.17 0.82 1.46 1 
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Figures 
Figure 1. Location of the study area in southeastern Norway where we studied the seasonal variation 
in the detection probabilities of red foxes. Gray squares are the 10 km2 sampled cells grouping close 
cameras. 
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Figure 2. Justification of the three studied seasons defined according the biology of the red fox to 
investigate the variations in detectability of red fox.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Detection probabilities of red foxes for each season and year of the study period. Dots 
represent the posterior means and bars are the 95% credible intervals. 
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Figure 4. Variation in the detection probability of red fox per season. Dots represent the posterior 
means and bars are the 95% credible intervals. 
 
Figure 5. Marginal daily detection probabilities of red foxes as a function of the latitude for each 
season. Solid lines represent the posterior mean s and ribbons are the 95% credible intervals.  
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Figure 6. Marginal daily detection probabilities of red foxes as a function of the standardized number 
of culled ungulates per square kilometer (i.e. availability of hunting disposals) for each season. Solid 
lines represent the posterior mean s and ribbons are the 95% credible intervals. 
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Appendices 
Appendix I. List of candidate models for the spatial and temporal variation of the detection 
probability of red fox in the boreal forest. 
Model1 
prob.eff ~  (1|grid), 
 zi~ (1|grid) 
Model2 
prob.eff ~ agriculture_st+humsett_st+dist_set_st+pop_den_st+latitude_st+season+ (1|grid), 
zi~ (1|grid) 
Model3 
prob.eff ~ agriculture_st+humsett_st+dist_set_st+pop_den_st+latitude_st+season+ 
                    agriculture_st:season +humsett_st:season +dist_set_st:season +pop_den_st:season + 
                    latitude_st:season+ (1|grid), 
zi~ (1|grid) 
 Model4 
prob.eff ~ agriculture_st+humsett_st+dist_set_st+pop_den_st+latitude_st+season+ 
                    agriculture_st:season +humsett_st:season +dist_set_st:season +pop_den_st:season + 
                    latitude_st:season+ (1|grid) 
    zi~ season+(1|grid) 
Model5 
prob.eff ~ agriculture_st+latitude_st+season+ 
                    agriculture_st:season +latitude_st:season+ (1|grid) 
 zi~ season+(1|grid)),   
 Model6 
prob.eff ~ agriculture_st+humsett_st+latitude_st+season+ 
                    agriculture_st:season +humsett_st:season +latitude_st:season+ (1|grid) 
 zi~ season+(1|grid) 
Model7 
prob.eff ~ agriculture_st+humsett_st+dist_set_st+latitude_st+season+ 
                    agriculture_st:season +humsett_st:season +pop_den_st:season + 
                    latitude_st:season+ (1|grid) 
 zi~ season+(1|grid)),       
Model8 
prob.eff ~ humsett_st+latitude_st+season+ 
                    humsett_st:season +latitude_st:season+ (1|grid) 
zi~ season+(1|grid) 
Model9 
prob.eff ~ humsett_st+dist_set_st+season+ 
                    humsett_st:season +dist_set_st:season +latitude_st:season+1|grid) 
 zi~ season+(1|grid) 
  Model10 
prob.eff ~ humsett_st+dist_set_st+pop_den_st+latitude_st+season+ 
                     humsett_st:season +dist_set_st:season +pop_den_st:season +latitude_st:season+ 
                     (1|grid) 
  zi~ season+(1|grid)        
Model11 
 prob.eff ~  dist_set_st+latitude_st+season+ 
                     dist_set_st:season +latitude_st:season+ (1|grid) 
zi~ season+(1|grid) 
Model12 
prob.eff ~ dist_set_st+pop_den_st+latitude_st+season+ 
                     dist_set_st:season +pop_den_st:season +latitude_st:season+ (1|grid) 
zi~ season+(1|grid)            
Model13 
prob.eff ~ pop_den_st+latitude_st+season+pop_den_st:season +latitude_st:season+(1|grid) 
  zi~ season+(1|grid) 
Model14 
prob.eff ~ latitude_st+season+latitude_st:season+ (1|grid) 
zi~ season+(1|grid)  
Model15 
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prob.eff  ~ season+hunt+(1|grid) 
 zi~ season+(1|grid)  
Model16 
prob.eff  ~ latitude_st+season+hunt+ (1|grid) 
zi~ season+(1|grid) 
Model17  
prob.eff  ~ latitude_st+season+hunt+ latitude_st:season+(1|grid) 
 zi~ season+(1|grid)  
Model18  
prob.eff ~  latitude_st+season+ hunt+hunt:season+ (1|grid) 
 zi~ season+(1|grid)  
Model19 
prob.eff ~ latitude_st+season+hunt+hunt:season+latitude_st:season+ (1|grid) 
 zi~ season+(1|grid) 
Model20  
prob.eff ~ agriculture_st+humsett_st+dist_set_st+pop_den_st+latitude_st+hunt+season+ (1|grid) 
zi~ season+(1|grid) 
Model21  
prob.eff ~ agriculture_st+humsett_st+dist_set_st+pop_den_st+latitude_st+hunt +season+ 
                 agriculture_st:season +humsett_st:season +dist_set_st:season +pop_den_st:season + 
                 latitude_st:season+hunt:season+(1|grid) 
 zi~ (1|grid) 
Model22 
prob.eff ~dist_set_st+latitude_st+hunt+season+dist_set_st:season+ 
latitude_st:season+hunt:season + (1|grid) 
zi~ (1|grid) 
Model23 
prob.eff ~dist_set_st+hunt+season+dist_set_st:season+hunt:season+ (1|grid) 
 zi~ (1|grid) 
Model24  
prob.eff ~ agriculture_st+latitude_st+hunt+season+ 
agriculture_st:season+dist_set_st:season+latitude_st:season+hunt:season+(1|grid) 
 zi~ (1|grid) 
Model25 
prob.eff ~humsett_st+latitude_st+hunt+season+ 
humsett_st:season+latitude_st:season+hunt:season+(1|grid) 
 zi~ (1|grid) 
Model26 
prob.eff ~pop_den_st+latitude_st+hunt+season+ 
pop_den_st:season+latitude_st:season+hunt:season+ (1|grid) 
zi~ (1|grid) 
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Appendix II. Density plots and traceplots of the beta coefficients of the best ranked model according 
to its LOO value. 
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The range of the mange: Spatiotemporal
patterns of sarcoptic mange in red foxes
(Vulpes vulpes) as revealed by camera trapping
David Carricondo-Sanchez1*, Morten Odden1, John D. C. Linnell2, John Odden2
1 Faculty of Applied Ecology and Agricultural Sciences, Hedmark University of Applied Sciences, Koppang,
Norway, 2 Norwegian Institute for Nature Research, Trondheim, Norway
* david.carricondo.sanchez@gmail.com
Abstract
Sarcoptic mange is a widely distributed disease that affects numerous mammalian species.
We used camera traps to investigate the apparent prevalence and spatiotemporal dynamics
of sarcoptic mange in a red fox population in southeastern Norway. We monitored red foxes
for five years using 305 camera traps distributed across an 18000 km2 area. A total of 6581
fox events were examined to visually identify mange compatible lesions. We investigated
factors associated with the occurrence of mange by using logistic models within a Bayesian
framework, whereas the spatiotemporal dynamics of the disease were analysed with space-
time scan statistics. The apparent prevalence of the disease fluctuated over the study period
with a mean of 3.15% and credible interval [1.25, 6.37], and our best logistic model explain-
ing the presence of red foxes with mange-compatible lesions included time since the begin-
ning of the study and the interaction between distance to settlement and season as
explanatory variables. The scan analyses detected several potential clusters of the disease
that varied in persistence and size, and the locations in the cluster with the highest probabil-
ity were closer to human settlements than the other survey locations. Our results indicate
that red foxes in an advanced stage of the disease are most likely found closer to human set-
tlements during periods of low wild prey availability (winter). We discuss different potential
causes. Furthermore, the disease appears to follow a pattern of small localized outbreaks
rather than sporadic isolated events.
Introduction
Sarcoptic mange is a parasitic disease caused by the burrowing mite Sarcoptes scabiei (L., 1758,
Latrielle, 1802). This disease is widely distributed around the world and it affects a wide range
of mammalian species. Sarcoptic mange has been reported in Eurasian lynx (Lynx lynx) [1],
European rabbits [2], Iberian ibex (Capra pyrenaica) [3] and different wolf populations (Canis
lupus) [4–6] in Europe. It has also been reported in coyotes (Canis latrans) in North America
[7], wombats (Vombatus ursinus) in Australia [8, 9] or recently in Kenyan giraffes (Giraffa
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camelopardalis reticulata) [10]. Overall, it affects over 100 mammalian species and the red fox
(Vulpes vulpes) is one of the most important hosts [11].
Due to the burrowing activity of the mite, the host can develop thickening of the skin
(hyperkeratosis), irritation of the skin (erythema), dermatitis (seborrhea) and patchy hair loss
(alopecia) as the most common symptoms [12–15]. In species like the red fox, death usually
occurs within 2–4 months [16, 17].
Epizootics of sarcoptic mange can affect the dynamics and behaviour of the affected popula-
tion, for example by increasing natural mortality rates [18] or altering the territoriality of the
animals [19]. These epizootics can be especially dramatic in endangered and fragmented popu-
lations [20, 21], and can even lead to extinction [22]. Host populations can eventually recover
from epizootics of mange, although times are relatively long, ranging from 15 to 20 years [7,
23, 24]. After recover, the disease can enter an enzootic phase in which the parasite is still,
locally or globally, present in the population [14, 25]. At this stage, the disease can re-emerge
in short-term fluctuations or even causing new outbreaks [24, 26].
Sarcoptic mange has received much attention in studies of red foxes [13, 14, 23, 27], mainly
due to dramatic outbreaks like the one that occurred in Scandinavia in the late 1970´s, or the
later and more localized outbreak in Bristol (UK) in 1994 [28]. The social behaviour of this
species [29] and their natal-dispersal and exploratory movements facilitate these outbreaks
[30–32]. These behaviours promote the spread of the disease either by direct physical contact
or indirectly (e.g. from sharing dens) [33].
In Fennoscandia, the disease spread from southeastern Finland in 1967 to Sweden where
the first mangy foxes were reported in 1972, and in Norway in 1975 [16, 25]. The outbreak
reduced red fox numbers drastically [23, 34]. The reduction in the red fox population revealed
a pronounced impact on grouse populations [35], and on other alternative prey species such as
the mountain hare (Lepus timidus) and roe deer (Capreolus capreolus) fawns [23, 36].
Monitoring enzootic diseases within a population is especially important in social species
like the red fox [29] that utilize resources of anthropogenic origin as a supplement to their diet
[37, 38]. An advanced state of sarcoptic mange undermines the body condition of red foxes
[17, 26, 27], which in turn, can lead to a decrease in their hunting success or a poor ability to
compete for carcasses [27, 39]. These individuals may be forced to look for “easier” food
resources such as garbage. Mangy foxes close to human settlements might represent a threat to
the health of wild and companion animals or livestock, and even to humans [40–43]. It is
therefore important to understand the spatiotemporal dynamics of the disease in order to
assess this threat and to take the necessary measures.
We used the non-invasive technique of camera trapping in order to investigate the spatio-
temporal dynamics of sarcoptic mange in red foxes. Traditionally, researchers have inspected
hunting bags or used physical capture-recapture techniques to study this disease on wildlife.
This may lead to biases since red foxes with poor body condition might show a different trap-
ability as well as being easier targets for hunters. To date, very few studies have used camera
traps to detect or monitor sarcoptic mange outbreaks. Nevertheless, some studies have applied
this tool along with laboratory techniques to assess sarcoptic mange in wolves [4, 5]. Borchard
et al. [9] also used motion-sensing cameras to study the activity of mangy wombats. However,
in our study we carried out the most extensive camera trap assessment of sarcoptic mange in
wildlife that have been conducted so far.
In our study, we used five years of camera trap data to investigate large-scale patterns of sar-
coptic mange apparent prevalence in red foxes. We hypothesize that patterns of spatial distri-
bution differ between healthy and infected red foxes, as the latter may be more dependent on
easily accessible food resources due to the negative impact of sarcoptic mange on body condi-
tion [17, 26, 27]. Therefore, we predicted that red foxes showing evident symptoms of sarcoptic
Sarcoptic mange in red fox
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mange would occur in areas closer to human settlements more frequently than healthy red
foxes. Our second hypothesis states that if the disease is in an enzootic state in Norway, and
given the social character of the red fox there are frequent intraspecific interactions that facili-
tate transmission, then the dynamic of the disease should follow patterns of local outbreaks
rather than random isolated events. This is the case in other fox populations where sarcoptic
mange is in an enzootic state [24, 26].
Material and methods
Study area
We used data from a long-term camera trapping study of Eurasian lynx (Scandlynx, http://
scandlynx.nina.no). The study was conducted in the southeastern part of Norway (Fig 1), in
three study areas covering a total of ca. 18000 km2. Area A covered ca. 6573 km2 to the east of
Oslo fjord, and included parts of the counties of Oslo, Akershus and Østfold. Area B was situ-
ated west of Oslo fjord and covered ca. 7145 km2. It included parts of the counties of Vestfold,
Buskerud and Telemark. Area C covered ca. 4474 km2, and was situated north of the other two
areas and included parts of the counties of Oppland and Buskerud (Fig 1). For cameras placed
in national park land, permissions were obtained from the Country administrations in Oslo
and Akershus and Østfold. Most cameras were placed on private land, and here permissions
were obtained from the landowner. No other specific permission are required for these loca-
tions according to Norwegian law.
The study areas cover a gradient from periurban or suburban areas to a fragmented forest
—farmland mosaic in the areas closest to Oslo and Oslo fjord, to forest dominated landscapes
towards the north, west, and east [44]. The forests are mainly composed of Norwegian spruce
(Picea abies), Scots pine (Pinus silvestris), interspersed with deciduous species such as hoary
alder (Alnus incana) and birch (Betula pubescens) [44].
Camera trapping
The camera trapping was initiated to complement the lynx population monitoring program in
areas where the commonly used method of snowtracking was inefficient due the unpredictable
snow conditions [45, 46]. The project started as a pilot study in Area A during the winter of
2010/2011, and in Area B during the summer of 2011. Later, the project was fully implemented
in Area A in the winter of 2011/2012, in the summer of 2012 in Area B, and in the winter of
2013/2014 in area C. Areas A and B were expanded in the summer of 2014 and Area A
expanded again in the winter of 2015. We used data from the winter of 2010/2011 to the sum-
mer of 2015.
Cameras were dispersed across a grid overlaid over the study areas to ensure that all parts of
the areas were covered. However, within each grid cell the specific locations were selected to
maximise the probability of detecting lynx; typically forest roads, human and game trails, or
natural movement routes at the base of steep cliffs. At each location, a camera trap was placed
30–60 cm above the ground pointing 90 degrees towards the path. All sites had one Reconyx
camera with infrared flash (Models HC500, HC600, PC800, and PC900). In Area A and B
most locations had an additional camera with white flash (Cuddeback Capture or Reconyx
PC850) on the other side of the path so that pictures of both sides of the lynx could be photo-
graphed for individual recognition. Previous studies have shown that the use of lures do not
affect population or individual parameters like immigration rates, maximum movement dis-
tance or temporal activity [47, 48]. On the other hand, not using attractants may underestimate
the number of individuals [49]. Therefore, we added some drops of lure (catnip oil, valerian oil
or beaver castorium) in front of the camera. The cameras ran for 24 hours a day, all year
Sarcoptic mange in red fox
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round, and were set up to be triggered by movement and take three pictures per event. The
camera traps were checked once a month, to download pictures, change batteries and add lure.
All the pictures from these camera traps were uploaded online at http://viltkamera.nina.no.
All the pictures obtained from the cameras were visually checked online and from the raw
data obtained from Scandlynx. Each group of three pictures taken consecutively by a camera
was considered a single event. Red fox events were selected and visually checked for mange-
compatible lesions like alopecia in the lower back and tail of the animal as previously described
by Oleaga et al. [5] (e.g. Fig 2). A single researcher conducted a first round of identification,
and subsequently, two other researchers rechecked events that had been difficult to classify.
Red foxes with low or moderate infections can be more difficult to identify in locations with
only infrared cameras than in locations with both infrared and white flash cameras. We classi-
fied as infected only red foxes with distinct patterns of mange-compatible lesions. For example,
we were careful not to classify as infected individuals that only had poor body condition, but
no alopecic patches. Likewise, we did not consider individuals showing only small alopecic
patches as infected, as this could be other external wounds. Furthermore, we disregarded pic-
tures that were out of focus or burned, and hence, we avoided potential bias caused by the use
of cameras with different types of flash.
Fig 1. Study area. Location and extent of three areas (A, B, and C) in southeastern Norway where we studied
spatiotemporal patterns of sarcoptic mange in red foxes with camera traps. Gray squares are sampled 10 km2
cells. Dashed lines are minimum convex polygons around camera locations in each of the study areas.
https://doi.org/10.1371/journal.pone.0176200.g001
Sarcoptic mange in red fox
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Analyses
We used data from 305 camera trap locations working for 146607 effective trapping nights
from winter 2010/2011 to summer 2015. We used all the cameras with red fox detection events
for the analyses.
Pseudoreplication is a common problem when working with photographic material from
naturally unmarked species. For this study, we created a fishnet grid of square cells of 10 km2
in order to group cameras too close together. This cell size exceeded the average area of red fox
home ranges (7.06 km2; [50]). Following this method, we ensured spatial independence of
observations from each grid cell. Red foxes usually die, from two to four months after infec-
tion; although this time can vary [16, 17, 27]. Accordingly, in order to investigate how the dis-
ease developed over time and to ensure temporal independence among observations, we
divided the total study period into six-months time periods. Winter periods spanned from
October until March (roughly the months with snow cover) and summer periods from April
to September (snow free months).
Apparent prevalence. We defined prevalence as the proportion of camera trapping events
of red foxes with mange-compatible lesions over the total number of red fox events. However,
since we did not conduct serological tests to confirm that the infected cases corresponded to
actual sarcoptic mange cases, we considered the prevalence calculated in this study as apparent
prevalence. We calculated the apparent prevalence of the disease for each of the three areas in
each of the time periods and calculated the Bayesian credible intervals (CRI hereafter) by using
Beta (0.5, 0.5) prior distributions of the probability of success (i.e. a mangy fox event). For this
we used the function binom.bayes in the R package binom [51].
Model selection. In each 10 km2 cell, we calculated (i) the proportion of agricultural land,
(ii) the proportion of the area covered by human settlements, and (iii) human population den-
sity (Table 1). For the two former variables, we extracted data from the Vegetation Map of
Norway [52], and for the latter, we retrieved data from a 5x5 km resolution map of population
density from Statistics Norway (http://kart.ssb.no). For each camera location, we calculated
(iv) the distances to the nearest settlement. We used the software ArcGis 10.3 [53] for all GIS
analyses. In addition to the covariates listed above, we included (v) the time each event
occurred expressed as the number of months that had passed since the initiation of the study,
(vi) the frequency of red fox photographic events, i.e. the average number of fox events per day
in each six months time period and area (A, B or C), (vii) season (winter or summer) and (viii)
area (A, B or C; Table 1).
Fig 2. An example of two camera trapped red foxes with mange-compatible lesions.
https://doi.org/10.1371/journal.pone.0176200.g002
Sarcoptic mange in red fox
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We ran Pearson correlation tests for all combinations of covariates. The correlation coeffi-
cients (r) ranged from -0.26 to 0.31, and we considered these values too small to indicate
dependency among the covariates. Therefore, we included all the variables in the models. We
also produced spline correlograms in order to check for spatial autocorrelation. The spline cor-
relogram indicated some spatial autocorrelation that we corrected by including individual cell
id as random effect in the models. All the numeric variables were standardized by ðxi  
XÞ=ð2 SDÞ [54].
We created a list of nine candidate models based on our predictions. We included models
with different combinations of covariates related to activity and distribution of humans, red
fox distribution, time and area (Table 2). We also constructed models that included interac-
tions between season and the most relevant human related variables, and interactions between
time and area. We included a null model of variation around the grand mean (Table 2). We
used a grid cell id and time period as random factors to avoid spatial and temporal autocorrela-
tion of the response respectively.
We used each event as an observation of a binomial process (presence of mange-compatible
lesion on the fox or not) and modelled them in a Bayesian framework using the brm function
in the brm package [55] in R (www.r-project.com), version 3.3.1. We used normal distribu-
tions with mean = zero and standard deviation = 10 as non-informative priors for the explana-
tory variables and a t-student distribution with three degrees of freedom as a non-informative
prior for the random effects. Models were fitted using four chains with 3000 iterations each, of
which 1000 were discarded as a burn-in process. Following this procedure, we obtained a total
of 8000 posterior samples per model. We used leave-one-out-cross correlation values (LOO)
as indicators of model fit and used it for model selection [56]. We visually checked for the con-
vergence of the models by looking at the density distribution plots and by using the Gelman
and Rubin´s converge diagnosis [57] represented by Ȓ in our analyses.
Spatiotemporal scan analysis
For the detection of potential clusters of disease occurrence, we used the Kulldorff algorithm
[58] based on a Bernouilli probability model. This algorithm is implemented in the scan analy-
sis software SATSCAN (www.satscan.org), version 9.4.2, and analyses three dimension cylin-
drical windows centered at the discrete locations of the study. It takes into account the positive
and negatives events in the scanned cylindrical window where the height of the cylinder
Table 1. Variables used in logistic models of the occurrence of red foxes showing mange-compatible
lesions in southeastern Norway.
Name of
variable
Definition of variable Type of
variable
Dist_Settle Distance to closest settlement from camera location in kilometres. Numeric
Agriculture Percentage of the grid cell covered by agriculture land. Numeric
HumSettle Percentage of the grid cell covered by human settlements. Numeric
Hum_pop Human population density with 5km resolution. Numeric
Time Continuous variable indicating the number of months since the
beginning of the study (from 1 to 60).
Numeric
Avg_pic_day Average number of events per area and per day in each time period. Numeric
Season Winter (October to March) or Summer (April-September). Factor
Area Factor designating the three study areas. Factor
Grid_id Individual id for the 10 km2 sampling grid cells. Factor
Time period Number of the six-months time period in which the study was divided Numeric
https://doi.org/10.1371/journal.pone.0176200.t001
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represents the time and the base is the space. Both dimensions are flexible, meaning that the
algorithm will analyse any area up to a specified maximum and every time block within the
study period [59]. The scan window moves across the study area and the maximum likelihood
ratio of the potential clusters are compared to the maximum likelihood of random simulations
of the data under the null hypothesis obtained by Monte Carlo simulations [59]. We specified
a maximum temporal and spatial cluster size of a 50% of the population, and a maximum clus-
ter radius of 50 km. We used 999 Monte Carlo simulations to compute p-values at the 0.05
level.
Additionally, we investigated if resulted clustered locations were closer to human settle-
ments than other locations. In order to do this, we fitted a linear regression within a Bayesian
framework with distance to settlement as a response variable and the explanatory variable indi-
cating whether a location belonged to the most likely cluster or not. We used the same model
settings as in the previous model selection analyses.
Results
We obtained red fox photographs from 224 of the 305 camera locations. In total, 6579 red fox
events were identified, among which 173 showed mange-compatible lesions (S1 Appendix).
The camera locations were located within 201 cells of 10 km2. We detected foxes with mange-
compatible lesions at least once in 19.40% of these cells over the study period.
Apparent prevalence
The apparent prevalence of sarcoptic mange in the study areas fluctuated over the time of the
study. The mean overall prevalence was 3.15% CRI [1.25, 6.37]. It reached a maximum of
10.70% CRI [7.9, 13.83] during the summer of 2013 in Area A that corresponded with a maxi-
mum occurrence in Area B at 6.28% CRI [4.01, 9.01]. The maximum in area C was 3.12% CRI
[2.30, 9.51]. The minimum was 0.01% CRI [0, 0.06] in Area B in the winter of 2015 (Fig 3).
Table 2. Set of candidate logistic models for the occurrence of red foxes showing mange-compatible lesions in southeastern Norway.
NULL Model1 Model2 Model3 Model4 Model5 Model6 Model7 Model8
Agriculture * * *
Hum_Settle * * *
Hum_pop * *
Season * * * * * *
Dist_Settle * * * * * * *
Avg_Pict_day * *
Time * * * *
Area * * *
Time:Area * *
Dist_Settle:Season * * * * *
Agriculture:Season * *
Random:Grid_id * * * * * * * *
Random: Time period * * * * * * * *
LOO 1510.05 1185.26 1184.29 1184.29 1185.29 1181.20 1185.30 1179.95 1179.42
See Table 1 for the definitions of the variables. LOO are leave-one-out values from the regressions.
https://doi.org/10.1371/journal.pone.0176200.t002
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Model selection
All models visually converged and presented a Ȓ of one. Models seven and eight had the lowest
LOO value (Table 2), and the two models differed only in that the former included the covari-
ate area and the interaction between time and area. Therefore, we selected model eight as the
best fit as it was the most parsimonious model.
The linear covariate for time had a weak negative effect on the probability of obtaining pho-
tographs of mangy foxes, meaning that the apparent prevalence of sarcoptic mange slightly
decreased over the study period. The interaction between season and distance to settlement
had a negative effect in the winter season; and thus, mangy fox events occurred more fre-
quently closer to human settlements during this season (Table 3). The credible intervals of the
Table 3. Parameter estimates form the best model (see Table 2) explaining the presence of red foxes
with mange-compatible lesions in southeastern Norway.
Estimate l-95% CRI u-95% CRI Ȓ
Intercept -3.90 -5.74 -1.86 1
Time -0.04 -0.11 -0.01 1
Dist_Settle -0.14 -0.88 0.54 1
SeasonW 0.14 -0.78 1.69 1
Dist_Settle:SeasonW -0.62 -1.24 -0.03 1
Grid_id(sd(Intercept)) 2.14 1.60 2.86 1
Time period(sd(Intercept)) 0.77 0.13 2.36 1
l-CRI and u-CRI refer to 95% lower- and upper credible intervals, and Ȓ refer to Gelman and Rubin´s
converge diagnosis.
https://doi.org/10.1371/journal.pone.0176200.t003
Fig 3. Apparent prevalence of sarcoptic mange in red foxes in southeastern Norway during the five
years of study. Red dashed lines and grey area represent the 95% credible intervals.
https://doi.org/10.1371/journal.pone.0176200.g003
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main effects of distance to settlement and season included zero, and therefore, we were uncer-
tain of the signs of these effects.
Given the results, we investigated whether the number of red fox events close to human set-
tlements varied during the winter period. We created a binary variable indicating whether a
fox event occurred closer than the mean distance to settlement or further from it. We used this
variable as a response in a linear regression in a Bayesian framework. We used season as an
explanatory variable and grid IK as a random effect. However, we did not find an effect of sea-
son on the distribution of red fox events in relation to human settlements (Linear regression
estimate: -0.10, CRI [-0.83, -0.63]).
Spatiotemporal scan analysis
The spatiotemporal scan analysis produced nine significant clusters of potentially infected ani-
mals (Table 4, Fig 4). The cluster with the highest likelihood ratio persisted for five time peri-
ods (i.e. 30 months) and nine cells with a total radius of 22.71 km. The locations included in
this cluster were closer to human settlements than the rest of the locations (Linear regression
estimate: -2.84, CRI [-4.9, -0.82]). This cluster presented a difference of likelihood ratio of
177.516 compared with the second most likely cluster. The likelihood ratio decreased again
dramatically from cluster four to cluster five. There is a possibility that repeated photographs
of the same individual could cause four of the clusters that included only one camera location
and only one period of six months. Nevertheless, these four clusters are still important areas to
be consider in the future as potential areas of risk, since they could be precursors of bigger out-
breaks. However, given the spatial independence of our data and the independence of the time
periods, the remaining clusters that had more than one camera location and several periods
most probably included several different individuals.
Discussion
Our study showed that red foxes with mange-compatible lesions were more frequently located
closer to human settlements during winter when compare to healthy red foxes. Human settle-
ments are a source of easily available food for several wildlife species, including the red fox [37,
60, 61]. In some cases, this source of food can fulfil the daily requirements of one pair of foxes
[28]. Anthropogenic food is most important during the winter period, when prey availability is
low [62–65], and it may be particularly important for foxes affected by sarcoptic mange. Sev-
eral studies have shown that sarcoptic mange deteriorates the body condition of the host [5,
66, 67]. Accordingly, a poor body condition may affect the ability of the red fox to hunt live
prey or locate and fight for carrion, and therefore induce foraging close to humans (see [68]
for an example with coyotes). Balestrieri et al. [67] suggested that a source of bias in their study
was the tendency of mangy foxes often found close to villages looking for easy food. The results
of our logistic models are in accordance with our spatiotemporal scan analysis results; the clus-
ter with the highest likelihood encompassed cells closer to human settlements than the rest of
the cells within the study areas (-2.84 kilometers, CRI [-4.9, -0.82]). However, it is also impor-
tant to consider alternative, but not mutually exclusive, mechanisms, such as the possibility
that heavy use of anthropogenic food sources that tend to occur in concentrated points in
areas close to settlements may facilitate scabies transfer between foxes. We did not detect a var-
iation in the number of red fox events closer to human settlements during the winter; there-
fore, we discarded a density dependent transmission of the disease. This dissociation between
the population density and the transmission of sarcoptic mange have been demonstrated in
other places [26, 69]. In the other hand, concentrated anthropogenic food can facilitate an
increase in the contact rate independent of density, for example by increasing overlapping
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among home ranges especially during winter. This pattern is a frequency dependant transmis-
sion of the disease (see Begon et al. [70] for a thorough definition of the terms). This transmis-
sion mechanism has previously been shown in other urban fox population [69]. The large scale
data used in this study does not permit a finer scale analysis of the actual mechanisms, but it
clearly identifies important areas for future investigations.
The spatiotemporal scan analyses detected nine significant clusters of mange-compatible
lesion observations, among which six included three or more grid cells. The clustered patterns
suggest that the dynamics of sarcoptic mange in this red fox population is characterised by
small-localized outbreaks that emerge and disappear rather than sporadic events in the popula-
tion. This pattern of local outbreaks has been observed in other populations where mange is
enzootic, like in Britain [24] or Spain [26]. Furthermore, the apparent prevalence of the disease
in our study fluctuated over time below ca 11% (Fig 3) with peaks that corresponded in time to
some of the potential clusters, including the one with the highest likelihood. Other studies
have found similar patterns of mange prevalence in other species like chamois or Iberian ibex
[3, 71]. Currently, 30 years after the epizootic outbreak of sarcoptic mange in Fennoscandia,
the multiple clusters and fluctuations in the disease apparent prevalence suggest that the dis-
ease is in an enzootic state with low prevalence (average 3.16 ± 0.56%). However, this preva-
lence might be somewhat underestimated in our study, as camera traps only allow for the
detection of visually evident symptoms (e.g. alopecia). Hence, we failed to identify infected
foxes in early stages of the disease with non-symptomatic infections. The degree of infection
can reveal important insight on the dynamic of the disease [7]. However, photographic mate-
rial is not always reliable when assessing the stage of the infection of an individual. We did not
include a degree of infection in our analyses but since we only used clear cases of mange-com-
patible lesions, we can assume that these individuals were in advanced stages of the disease.
We believe that our data accurately reflect spatiotemporal patterns of clinically advanced cases
of sarcoptic mange. Regarding the relationship with human settlements, the detriment in body
condition occurs in the last stages of the disease [17]; that is the moment when the animal may
be more dependent on easily available food. Furthermore, analysing the spatiotemporal varia-
tion only in severe cases still allows for detecting potential outbreaks given that the relative
proportions of individuals in early and later stages of the disease is relatively constant.
Table 4. Spatiotemporal clusters of red foxes potentially infected with sarcoptic mange detected by the scan analyses.
Cluster Radius (km) Duration
(Months)
Start date End date Number Cells LLR P_value Observed Cases Expected Cases
1 22.71 30 October_2013 March_2015 9 317.556 <0.001 391 94.41
2 0 6 October_2014 March_2015 1 177.516 <0.001 71 3.31
3 11.36 12 October_2012 September_2013 8 160.737 <0.001 124 16.20
4 8.90 24 October_2012 September_2014 3 145.155 <0.001 182 41.37
5 40.94 6 October_2011 March_2012 40 58.246 <0.001 65 12.70
6 16.05 6 April_2012 September_2012 3 28.692 <0.001 8 0.22
7 9.44 12 October_2012 September_2013 3 28.595 <0.001 11 0.47
8 0 3 April_2015 June_2015 1 25.102 <0.001 7 0.19
9 0 6 October_2013 March_2014 1 24.675 <0.001 14 1.14
10 0 6 April_2014 September_2014 1 6.849 0.437 5 0.58
Radius of the circular cluster, duration, starting and ending date, number of cells included in the cluster, likelihood ratio values and p-values. “Observed
cases” are the actual numbers of photographed events of foxes with mange-compatible lesions in that cluster, while the “Expected cases” are numbers
expected conditioning on the total number of cases (see Kulldorff et al. 2005 for a detailed description)
https://doi.org/10.1371/journal.pone.0176200.t004
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It is important to highlight the potential weaknesses of the use of camera traps for disease
epidemiology assessment. Given the nature of the data, we were not able to include variables
like sex or age of the photographed individuals. Previous studies showed age specific preva-
lence of sarcoptic mange in red foxes [69] and sex specific infection rates in coyotes [7]. We
did not identify any pup with mange-compatible lesions, but the restricted movement of
young individuals [69] might decrease their detectability by camera traps.
The actual origin of the lesions in the animal represent another limitation in the use of cam-
era traps as other causes of hair loss might be confused with sarcoptic mange. Fungal infections
known as dermatophytosis can cause alopecia in red foxes [72, 73] but this is not common and
has never been reported in Norway. Notoedric mange caused by the mite Notoedres cati has
symptoms similar to sarcoptic mange, and it affects mainly felines [1]. Other mites like Demo-
dex canis affect dogs and has not been reported in foxes [74]. Hence, even though the mange-
compatible lesions reported in our study (e.g. Fig 2) are probably caused by the mite Sarcoptes
scabiei, we recommend that camera trap surveys are accompanied by serological tests of sam-
ples like ELISA test [75].
Fig 4. Geographic distribution of significant clusters of red foxes potentially infected with sarcoptic
mange identified by scan analysis. The circles define the size of the clusters and the numbers refer to the
ID of each cluster (see Table 4 for further details). The red circle represents the cluster with the highest
likelihood ratio.
https://doi.org/10.1371/journal.pone.0176200.g004
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Field surveillance of wildlife diseases is imperative for the management of potential threats
both to wildlife and human well-being [76, 77]. The occurrence of mangy foxes in the vicinity
of human settlements and the apparent clustered pattern of the disease raise important impli-
cations for the management of the Scandinavian red fox population. Clusters appearing close
to human settlements might represent a source of contagiousness for domestic animals, live-
stock or other wildlife [43]. Tools like the StatScan software allow for prospective analyses of
surveillance data in order to detect potentially emerging clusters.
Here we show that camera traps are an effective tool to use in surveillance of wildlife dis-
eases with visually apparent symptoms like sarcoptic mange. Oleaga et al. [5] also illustrated
the usefulness of camera traps for detecting mange in wolves and red foxes, and other methods
such as thermal imaging cameras are on the rise [66, 78]. Nonetheless, surveillance in the field
is only a first step towards a holistic monitoring of a wildlife disease, and serological and
genetic analyses of the pathogen should accompany them [77, 79]. These analyses can reveal
the directionality of the disease transfer (e.g. prey to predator, intraguild contagion) [79], and
can increase the accuracy of prevalence estimations.
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Abstract 
Identifying factors influencing the distributions and interactions within carnivore communities 
is particularly important in human dominated landscapes. Within the carnivore guild, species 
differ in their ability to adapt to human influence depending on their degree of specialization in 
habitat use and feeding habits. There is an increasing recognition of the conservation value of 
these areas in India. Nevertheless, few ecological studies of wildlife focus on the human impact 
on the native species in carnivore communities. We investigated determinant factors for the 
occurrence and coexistence of meso-carnivores in an agricultural landscape in Maharashtra, 
India. We used camera traps to record the presence of Indian foxes, jungle cats, jackals and 
domestic dogs during their most active hours (i.e. from sunset to sunrise). We recorded 395 
events of the target species during 233 trapping nights from 40 camera traps located within an 
area of 230 km2. Using co-occurrence occupancy models in a Bayesian framework, we 
investigated the relative influence of forest plantations, agriculture and fallow land as well as 
other human infrastructure variables and habitat patch sizes. Additionally, we investigated the 
activity patterns of the focal species. Indian foxes revealed the most specialized habitat use, 
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being positively associated with forest plantations and the size of the habitat patches. Indian fox 
showed spatial niche partitioning with jackals and temporal niche partitioning with dogs. 
Jackals, jungle cats and dogs overlapped in their habitat use and were positively associated with 
human settlements at the finest spatial scale, which may imply a dependence on human food 
resources. This study provides evidence of contrasting impact of humans among species in a 
mesocarnivore community. Future management actions aimed at conserving biodiversity in 
highly human dominated landscapes should take into account the intra- and interguild 
interactions of the local carnivore communities. 
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Introduction 
Human dominated landscapes are expanding throughout the Earth’s surface. In order to 
minimize the impact of this expansion in the biodiversity without compromising food 
production and development, two alternatives are debated: land sharing (i.e. biodiversity and 
human development sharing space) and land sparing (i.e. segregate spaces) (Phalan, Onial, 
Balmford, & Green, 2011; Tscharntke et al., 2012). However, determining which alternative is 
the most suitable requires a deep understanding of the different parts of the ecosystem. In this 
context, identifying factors influencing the distribution of and, interactions within carnivore 
communities is particularly important in human dominated areas. In these landscapes, the 
natural habitat is altered to give way to agricultural development and urban expansion 
(Saunders, Hobbs, & Margules, 1991). Consequently, natural habitats turn into a fragmented 
mosaic of natural patches and cultivated land in which humans and wildlife coexist (Saunders 
et al., 1991).  
Changes in the natural habitat of a species and its exposure to human influence can affect its 
distribution and habitat use. Whether this effect is positive or negative will typically depend on 
the degree of specialization in habitat use and feeding habits. For example, Cougars Felis 
concolor are negatively affected by habitat fragmentation and avoid paved roads (Beier, 1995; 
Dickson, Jenness, & Beier, 2005). Endangered species like the Sumatran rhinoceros 
Dicerorhinus sumatrensis and the Sumatran tiger Panthera tigris sumatrae are threatened by 
habitat loss due to deforestation (Kinnaird, Sanderson, O'Brien, Wibisono, & Woolmer, 2003). 
In North America, a number of species have experienced a reduction on their distribution range 
due to a combination of human factors including population density, land use and human 
infrastructure (Laliberte & Ripple, 2004). On the contrary, other species may benefit from 
human impact, for example by an increased habitat carrying capacity through anthropogenic 
food subsidization. This is the case of the red fox Vulpes vulpes throughout its distribution range 
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(Bino et al., 2010; Elmhagen & Rushton, 2007), or raccoons Procyon lotor and coyotes Canis 
latrans in the USA (Ordenana et al., 2010; Prange, Gehrt, & Wiggers, 2003). An increased food 
subsidization due to urban expansion can even benefit endangered species like the San Joaquin 
kit fox Vulpes macrotis mutica (Newsome, Ralls, Job, Fogel, & Cypher, 2010). 
Another important factor affecting the distribution and habitat use of a species is the intraguild 
interactions within the community (Linnell & Strand, 2000); both with other native species 
(Berger & Gese, 2007; Lindstrom, Brainerd, Helldin, & Overskaug, 1995; Palomares & Caro, 
1999; Ritchie & Johnson, 2009), and species associated with humans (Vanak & Gompper, 
2009b). These interactions can lead to spatial niche partitioning, segregating the distribution 
and habitat use of competitive species (Linnell & Strand, 2000; Schoener, 1974). Although 
some studies have focused on these interactions at a community level (Bu et al., 2016; Cruz, 
Sarmento, & White, 2015; Farris, Kelly, Karpanty, & Ratelolahy, 2016), there is limited 
information on the effects of human alteration of natural habitat on intraguild interactions in 
the mesocarnivore community (Gompper, Lesmeister, Ray, Malcolm, & Kays, 2016; 
Lesmeister, Nielsen, Schauber, & Hellgren, 2015; Rota et al., 2016). In particular, few studies 
have yet been conducted in landscapes of very high human population density.  
With over 1.3 billion inhabitants, India is the second-most populous country in the world. It has 
a population density of 446 inhabitants per square kilometer (http://data.un.org/), and 
approximately 48% of the total land is dedicated to agriculture (http://www.fao.org/). In this 
context, native fauna have to coexist in a human altered landscape. Moreover, native fauna also 
have to contend with amongst the highest densities of free-ranging domestic dogs in the world. 
Dogs in India can reach densities of 719 dogs per km2 in some areas (Belsare & Gompper, 
2013), and they can affect native carnivores through interference competition, intraguild killing 
and disease transmission (Vanak & Gompper, 2009b). Despite the high human pressure on the 
environment, recent research has revealed a rich faunal diversity in areas of high human 
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population density (Athreya, Odden, Linnell, Krishnaswamy, & Karanth, 2013). Although 
coexistence of humans with large carnivores and emblematic species is well documented in 
India (Athreya, Odden, Linnell, Krishnaswamy, & Karanth, 2016; Chartier, Zimmermann, & 
Ladle, 2011; Dhanwatey et al., 2013; Suryawanshi, Bhatia, Bhatnagar, Redpath, & Mishra, 
2014), few ecological studies focus on the coexistence of mesopredators with humans at a 
community level. Specifically, how these carnivore communities adapt to altered landscapes 
and the presence of species associated with humans.  
In this study we used multi-occupancy modelling in a Bayesian framework to investigate how 
habitat composition and human infrastructure affect the habitat use of Indian foxes (Vulpes 
bengalensis), jungle cats (Felis chaus), jackals (Canis aureus), and dogs in a landscape of high 
human population density in Maharashtra, India. Next, we explored interspecific interactions 
between the species in the habitat models to assess the nature of their coexistence. We evaluated 
whether there is evidence of spatial niche partitioning among the four species. We predicted 
that dogs were positively associated to humans and interacted negatively with the other three 
species (Vanak & Gompper, 2009b). We expected that jackals and jungle cats were partially 
associated with human activities (Jaeger, Haque, Sultana, & Bruggers, 2007; Nowell & 
Jackson, 1996), whereas Indian foxes were more closely associated with natural habitats  
(Vanak & Gompper, 2010). Given the larger body mass of jungle cats and jackals compared to 
that of the Indian fox, we predicted a negative interaction between the former and Indian fox 
due to interference competition (Palomares & Caro, 1999). 
Materials and methods 
Study area 
Our study area in Maharashtra, central India (Fig. 1), covered 230 square kilometers, and 
included several villages that belong to the municipalities of Baramati and Daund, with 
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population densities of 397.19/km2 and 380/km2, respectively (www.census2011.com). The area 
has a semi-arid climate with a cool-dry season from November to February, a hot-dry season 
from March to June, and a wet season from July to October during which 95% of the 
precipitation occurs.  
The landscape consists of a matrix of sugarcane fields, seasonal crops, communal grazing lands 
and forestry plantations. Common species in the mesocarnivore community in the area are 
Indian fox, jackal and jungle cat. Palm civet (Paradoxurus hermaphrodites), Small Indian civet 
(Viverra zibetha), grey mongoose (Herpestes edwardsii), and herbivores like the Indian gazelle 
(Gazella bennettii) and Indian hare (Lepus nigricollis) are common. Free-ranging domestic 
dogs are found throughout the entire study area forming packs or as solitary individuals. 
Camera trapping 
The activity of the study species was recorded during six weeks in the months of November 
and December by deploying camera traps at 40 trapping locations. Potential locations were 
selected based on satellite imagery to ensure that the whole area was covered. For that, the 
locations were spaced at least two kilometers apart from each other (except for two locations 
that were placed 1.2 kilometers apart due to accessibility). Once in the field, the locations were 
adjusted to maximize the likelihood of detection of the target species (e.g. by using trails or 
natural paths) and minimize direct human disturbance. At each location, we attached and 
secured a camera trap to a tree at 30 to 50 cm high. The cameras were movement triggered and 
set up to take pictures every five seconds during periods of movement detection. At every trap 
location, some drops of lure (Red Fox Gland Lure; Carman’s superior animal lures) were added 
between one and two meters from the camera trap. The use of lures does not affect temporal 
activity, maximum movement distance or immigration rates of species like leopard Panthera 
pardus or Malagasy civet Fossa fossana (Braczkowski et al., 2016; Gerber, Karpanty, & Kelly, 
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2012). GPS telemetry data from jungle cats and jackals (Vanak, A. T. unpublished) revealed 
that the average home ranges of these species exceed the separation between the cameras. 
Therefore, the study design violates the assumption of independence between camera locations. 
Therefore, the habitat use rather than the occupancy of the study species was investigated in 
this study. 
The camera traps were active for six consecutive trapping nights. Preliminary studies in the area 
showed that, given the density of the target species in the area, four trapping nights was 
sufficient to ensure the detection of a species given presence in the area. In order to avoid theft, 
the camera traps were deployed from 16.30 to 18.30 every day and retrieved from 6:30 to 8:30 
the next morning. Due to this constraint, we divided the study period in six blocks, managing 
six to seven cameras at a time in each block. However, the hours when the cameras were 
deployed accurately capture the maximum activity period of the study species (Boitani & 
Ciucci, 1995; Vanak & Gompper, 2007). Therefore, our data is a good representation of the 
habits and activity of these species. 
Covariate data extraction 
Satellite imagery of our study area dated the 15th of November of 2016 was retrieved from 
Google Earth (Google Earth, 2017) and digitized by creating polygons or lines of the features 
of interest for our study (i.e. forestry plantation, agriculture land, fallow land, human 
settlements, length of canals and length of tarmac roads). Buffers of 100 meters radius, 500 
meters radius and 1000 meters radius were created around each camera trapping location. Using 
zonal statistics tools, we extracted habitat data from the digitized map for each of the buffers 
around each camera location (Table 1). Digitation of satellite imagery and data extraction was 
performed using ArcGis 10.3.1 (ESRI, 2009). 
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Spatial co-occurrence 
We created detection histories for Indian foxes, jackals, jungle cats and domestic dogs. For that, 
at each location i, we used ones (ysij=1) if the species s was detected at least once during trapping 
night j, and zeros (ysij=0) if the species s was not detected during trapping night j (e.g. 
ysi=100101; species s was detected in location i at least once during the first, third and sixth 
trapping nights).  
We used these histories to model habitat use and interactions among the studied species by 
fitting the multispecies occupancy model described in Rota et al. (2016). MacKenzie et al. 
(2002) described a single-species model to estimate the probability of a site being occupied 
when the detection probability of the species is less than one; the model from Rota et al. (2016) 
is a generalization of this single species model to include two or more interacting species. In 
contrast to other co-occurrence models like the one described in  MacKenzie, Bailey, and 
Nichols (2004), the interactions between species do not have to be asymmetrical. Moreover, 
the model allows the use of covariates to predict the probability that two or more species occupy 
the same site.  
First, a multispecies model per buffer size was created without including species interactions. 
This step is, in essence, similar to creating one single-species occupancy model for each species 
at each buffer size. In order to model the detection probability of the four species, ‘Trail’ 
variable was used. Additionally, the number of events of dog occurrence at each trapping night 
was included to model the detection probability of fox, jackal and jungle cat. We used two types 
of variables to model habitat use in the 500 and 1000 meters buffer sizes: (i) habitat types (i.e. 
proportional coverage of forest plantations, fallow land, agriculture and human settlements 
within the buffers) and (ii) infrastructure (i.e. the length of roads and canals within the buffers). 
We avoided placing the cameras close to roads to avert theft, and thus, we did not include the 
‘Road’ variable in the 100 meter buffer size. Instead, we used the ‘Distance to settlement’ 
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variable. Given that ‘Distance to settlement’ represents a value obtained from the specific 
location of the camera, its effect was assumed to be better revealed at the smallest buffer size.  
Next, constant interactions were added (i.e. intercept modelling) between pairs of species to test 
whether the fit of the initial models improved by adding species interactions. Interactions were 
retained or removed from the model depending on their strength (i.e. it was removed if the 80% 
credible interval overlapped with zero).  
We used non-informative normal distributions with mean = zero, and standard deviation = 10 
as priors. Models were fitted by running three Monte Carlo Markov chains of 6000 iterations 
each, discarding the first 2000 as burn-in process. We diagnosed the convergence of the models 
by visually checking trace-plots and by using the Gelman and Rubin´s converge diagnosis 
(Gelman & Rubin, 1992). We used WAIC values to evaluate the models fit.  
Activity patterns 
We investigated the temporal interactions between the study species following two approaches: 
(1) by examining night activity density plots and the coefficients of overlap of the native species 
and dogs (Ridout & Linkie, 2009), and (2) by investigating the Avoidance-Attraction Ratios 
(AARs) described in Parsons et al. (2016).  
To investigate the night activity of the species, we used the time of the events expressed as 
radians. We created density curves of activity by calculating the kernel densities of the radian 
times, and estimated the coefficients of overlap (∆) (Ridout & Linkie, 2009) by using the R 
package Overlap (Meredith & Ridout, 2017). The coefficient of overlap is an estimate of the 
overlapping area in two density curves. Of five possible estimators of the coefficient of overlap, 
we chose the estimator ∆1 since it performs better for small sample sizes (n < 50) (Ridout & 
Linkie, 2009). We then used the Bayesian bootstrapping to calculate the credible intervals of 
the overlapping coefficients by using the bayesboot R package (Bååth, 2016). We used the 
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coefficients of overlap and the visual inspection of the activity density plots to estimate the 
temporal interactions of the species.  
To obtain the AARs, we calculated two types of time interval; (1) the time interval between the 
detection of the target species and the posterior detection of a dog (T1) and, (2) the time interval 
between the detection of a dog and the posterior detection of the target species (T2). AARs 
were calculated as the proportion of T2s over T1s for each camera trap separately to avoid 
differences in detection probability (Parsons et al., 2016). The averages of the log AARs for 
each species were calculated and the bayesboot package (Bååth, 2016) in R was used to 
calculate the credible intervals of these averages. Positive values of log AARs might reflect that 
the target species avoid dogs or that dogs are attracted to the target species and the opposite for 
negative values. 
Results 
Spatial co-occurrence 
During 233 trapping nights, we obtained 395 photographic events of the target species. Among 
the 40 locations, we recorded foxes at least once in 14 locations, whereas jackals, jungle cats 
and domestic dogs were recorded in eight, 15 and 29 locations, respectively.  
Dogs showed the highest occupancy in our study area, while jackals showed the lowest (Fig. 
2). 
The probability of detection of the three wild species increased when the camera was placed on 
a trail. On the contrary, it decreased for dogs when the camera was placed on a trail (Fig. 3a). 
The number of dog events in a trapping night had a negative effect on the detectability of foxes, 
but not on the other species (Fig. 3b). 
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Regarding the model coefficients, we considered of interest those effects where the 80 percent 
credible interval did not overlap zero (i.e. we were 90 percent certain about the direction of the 
effect). Foxes were affected positively by the mean size of the habitat patches on the 1000m 
and the 500m buffer size (Fig. 4 and 5). Likewise, the percentage of forest plantations and the 
length of canals had a positive effect on the habitat use of foxes at the two largest buffer sizes, 
but not at the 100m buffer size. In contrast, the proportion of human settlements had a negative 
effect on the probability of Indian fox occurrence at the 500m buffer size. The proportion of 
forest and distance of roads affected the habitat use of jackals negatively at 1000m and 500m 
buffer sizes. Fewer variables had a clear directional effect on the habitat use of jungle cats and 
dogs. However, roads had a slightly negative effect at 500m buffer size for jungle cats. 
Interestingly, jackals, dogs and jungle cats showed a positive association with the proportion of 
human settlements at 100m buffer size. Dogs and jungle cats appeared to be less specialized in 
their habitat use than jackals and Indian foxes (Fig. 4). 
Interestingly, we did not detect a strong interaction effect between the species except for a 
negative interaction between fox and jackals at the 1000m buffer size (Fig. 6). Moreover, the 
WAIC values of the models including the species interaction terms were larger than the 
corresponding model without interactions (Table 2). Nonetheless, the fit of the 1000m buffer 
size improved when including the fox and jackal interaction term without the rest of the species 
interactions (Table 2).  
Activity patterns 
The coefficients of overlap revealed a high coincidence in the activity patterns of the native 
species and dogs. It was highest for jackal (∆ = 0.801, CRI (0.799, 0.803)) and jungle cat (∆ = 
0.800, CRI (0.798, 0.802)), followed by Indian fox (∆ = 0.792, CRI (0.790, 0.794)). Although 
the overlap was high, the density curves of activity for Indian fox and dogs suggested some 
avoidance of dogs by the former (Fig. 7). The plot showed bimodal distributions for both 
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species in which the peaks of dog activity coincided with the valleys of Indian fox activities. 
The density curves of activity for jungle cat and jackal showed bimodal and unimodal 
distribution respectively, and less clear patterns in relation to dog activity (Fig. 7).   
The averaged log AARs for Indian fox, jungle cat and jackal with dogs were 1.201, CRI (0.409, 
2.002), 0.312, CRI (-0.222, 0.914), and -0.233, CRI (-0.776, 0.313) respectively. Indian fox 
showed temporal avoidance of dogs whereas log AAR values for jungle cats and jackals did 
not reveal a temporal avoidance behavior by these species. Nonetheless, these results should be 
treated as preliminary given the small sample size of cameras in which the sequence of events 
allowed for the calculations of the time intervals (n=3 for Indian fox, n=4 for jungle cat and 
n=6 for jackal). All the analyses were conducted in R 3.4.1 (Team, 2017). 
 
Discussion 
According to the competitive exclusion principle, two coexisting and ecologically similar 
species will show some form of niche differentiation (Gause, 1934). Our study provides 
evidence of spatial niche partitioning between Indian fox and Jackal in a highly human 
dominated landscape of Maharashtra, India. In contrast, the other study species in this 
mesocarnivore community utilized similar habitats. Lesmeister et al. (2015) found a similar 
carnivore assemblage with little evidence of spatial niche partitioning except for the interaction 
between the gray fox and the coyote. The spatial differentiation between Indian fox and jackal 
is probably caused by differences in the habitat use of the two species. As revealed by our 
results, Indian fox was more associated with natural habitats and avoided human settlements, 
whereas jackal was more likely found close to humans. On the contrary, jungle cats appeared 
to be the most opportunistic of the three wild study species, and therefore, utilized a variety of 
habitats that overlapped with the other species.  Spatial overlap in the habitat used by species 
on the same trophic level also occurs in more natural habitats (Bianchi, Olifiers, Gompper, & 
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Mourao, 2016; Gompper et al., 2016), especially among generalist species. Nonetheless, some 
degree of habitat specialization will favor spatial niche partitioning (Soto & Palomares, 2015) 
which seem to be the case between fox and jackals in this area. 
Competitive species can avoid interference by other means apart from spatial niche partitioning. 
An example is temporal segregation, which occurs between coyotes and wolves (Atwood & 
Gese, 2010), or foxes and dingoes (Mitchell & Banks, 2005). Our results suggest a comparable 
interaction between Indian foxes and dogs. Although we detected no spatial niche separation 
between the two species, the detectability of foxes decreased as the number of dog events per 
trapping night increased. Moreover, the Avoidance-Attraction Ratios showed longer time 
intervals to the detection of Indian foxes after the camera trap detected a dog. Likewise, the 
activity patterns showed that Indian fox activity peaked when dog activity was lowest. These 
results strongly suggest a temporal avoidance of dogs among the Indian foxes. Vanak and 
Gompper (2009a) suggested that Indian foxes had limited access to human derived food and 
agricultural land due to interference competition with dogs. Moreover, Vanak, Thaker, and 
Gompper (2009) found that Indian foxes reduced visitation rates at food trays when exposed to 
dog odor. Spatial avoidance of dogs may not be possible since dogs were detected in large parts 
of the area (72.5% of the camera locations); therefore, we believe that the Indian fox avoids 
domestic dogs at a smaller scale by temporal niche partitioning. Despite the fact that jackals 
and jungle cats commonly use areas near villages where dogs are dominant (Aiyadurai & Jhala, 
2006; Nowell & Jackson, 1996), we did not find evidence of interactions among these species 
and dogs. The body size of jackals (approx. 8.8 kg for males and 7.3kg for females (Jhala & 
Moehlman, 2004)), jungle cat (approx. 6.1kg for males and 4.2 for females (Nowell & Jackson, 
1996)) and dogs is more similar than that of Indian foxes (approx. 2.9 and 1.8 for males and 
females respectively (Belsare & Vanak, 2013; Johnsingh & Jhala, 2004)). In solitary carnivores, 
intraguild killing is less likely between similar body size species (Palomares & Caro, 1999). 
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Likewise, avoidance behavior might not be as marked in species with similar body sizes. 
Indeed, among the eight camera locations that detected jackals, four also detected jungle cats 
and six detected dogs. Moreover, of the 15 camera locations with jungle cats, 11 also detected 
dogs. Therefore, although we cannot exclude the possibility that interference interactions occur 
among these three species, they might not be as pronounced as in foxes.  
Indian foxes showed the most specialized habitat use among the four study species, since they 
were affected by the habitat and infrastructure variables to a greater extent. The associations 
were stronger at the 1000m and 500m buffer sizes for Indian fox, which suggest that the habitat 
selection process takes place at a landscape scale rather than at a patch scale. This pattern has 
been also shown in the denning habits of this species (Punjabi, Chellam, & Vanak, 2013). Indian 
foxes were strongly associated to forestry plantations at the largest buffer sizes (1000 m and 
500 m). This species is commonly associated to forest patches, but also to grassland savannah 
(Vanak & Gompper, 2010). In our study, only two locations had some grassland habitat cover 
within the buffer areas, and therefore, we included grassland in the fallow land category that 
consisted mainly of open areas between agricultural fields. Length of canals also had a strong 
positive effect on the habitat use of Indian foxes at the 1000 and 500m buffer sizes. Indian foxes 
might use canals as borders between their territories or as a water source during the wet season. 
Interestingly, the mean area of the habitat patch was an important predictor of the habitat use 
of the Indian fox. Further expansion of urban and agricultural areas might increase 
fragmentation and habitat loss by reducing the size of the natural patches required for their 
habitat use.  
The negative effect of tarmac roads on jackal habitat use may reflect a strategy to avoid human 
interference with a consequent reduction of road kills. Although we did not detect any effect of 
agriculture on its habitat use, previous studies have found that jackals use agriculture land, 
especially sugar cane plantations, as cover during daytime (Jaeger et al., 2007; Poche et al., 
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1987). The lack of association in our study is probably due to the fact that this habitat category 
included both irrigated (e.g. sugarcane) and non-irrigated cultivation (e.g. maze and grain). A 
more detailed classification of agricultural land may have revealed a stronger association of 
these two canid species with different agriculture types. 
Jungle cats and domestic dogs were detected in a variety of habitat types. They appear to be the 
most opportunistic of the four studied species and less affected by human activity in this area. 
This is not surprising, since dogs are closely associated to humans and jungle cats are not 
considered habitat specialists (Mukherjee et al., 2010), although they show some preferences 
for open habitats (Mukherjee et al., 2010; Nowell & Jackson, 1996). Jungle cats are also well 
adapted to cultivated land, and like the jackal, they use irrigated cultivation like sugarcane as 
cover (Nowell & Jackson, 1996). Interestingly, dogs, jackals and jungle cats showed a positive 
association with human settlements at the smallest buffer size. A dependency on human food 
resources probably explains this pattern. Jungle cats are often found in the proximities of human 
settlements (Nowell & Jackson, 1996) and jackals are commonly associated with human 
settlements where they feed on garbage and other anthropogenic food (Jaeger et al., 2007; Jhala 
& Moehlman, 2004).  
In conclusion, habitat specialization and differences in body size seem to shape the structure of 
this mesocarnivore community. More opportunistic species with similar body size overlap 
spatially whereas specialized and smaller sized mesocarnivores are displaced. In addition, 
human impact on habitat use differs among species depending on the degree of habitat 
specialization. Whereas human influence can benefit jungle cats and jackals through food 
resource subsidization, it may affect Indian foxes negatively through loss and fragmentation of 
habitats and by interactions with domestic dogs. It is important to take into account both the 
potentially positive and negative effects of human influence in future land management actions 
aimed at conserving biodiversity in highly human dominated landscapes. 
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Tables 
Table 1. Variables used for studying the occurrence and co-occurrence of Indian foxes, 
jackals, Jungle cats and dogs. 
 
Table 2. WAIC values of the models. 
 W/o Interacions With Interactions 
Jackal and fox  
interaction 
1000m buffer size 742.7711 746.8785 740.6913 
500m buffer size 714.5454 715.6971 NA 
100m buffer size 733.3225 741.1491 NA 
 
 
 
 
 
 
 
 
 
 
 
Variable  Definition Type 
Dist.settle Distance to the nearest building or settlement (meters) Continuous 
Forest Percentage of forest in the resolution buffer Continuous 
Fallow Percentage of fallow land in the resolution buffer Continuous 
Agriculture Percentage of agriculture land in the resolution buffer Continuous 
Settle Percentage of human settlement in the resolution buffer Continuous 
Road Meters of tarmac road in the resolution buffer Continuous 
Canal Meters of canal in the resolution buffer Continuous 
Patch.area Mean habitat patch area in the resolution buffer Continuous 
Trail Whether the camera was placed on or off a trail or path Factor 
Dogpoisson Number of dog events in a camera each trapping night Continuous 
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Figures 
Figure 1. Study area located in the vicinity of Baramati, Maharashtra, India. Dots represent 
camera trap locations, and circles delimit the buffer areas from which habitat data was extracted. 
Figure 2. Marginal occupancy probability distributions for the four study species. 
Figure 3. a) Detection probability of foxes, jackals, jungle cats and dogs when the camera 
locations are placed either on or outside a trail or natural path. b) Effect of the number of dogs 
each trapping night on the detection probability of foxes, jackals and jungle cats where the solid 
line represent the general trend and the shaded area the 95% credible interval. 
Figure 4. Effect of the scaled coefficients on the habitat use of Indian fox, jackals, jungle cat 
and dogs in a human dominated land in Maharashtra, India. Thin lines represent the 95% 
credible interval, thick lines are the 80% credible interval. Dashed lines separate the different 
species. Roads/Dist.settle represents the effect of ‘distance of tarmac roads’ for the 1000 and 
the 500 buffer size models and ‘distance to settlement’ for the 100m buffer size model. 
Figure 5. Mean patch habitat area effect on the habitat use of Indian foxes at three buffer sizes. 
Solid lines represent the general trend and the shaded area the 95% credible interval. 
Figure 6. Posterior distributions of the marginal occupancy probability of Indan fox conditional 
on the presence or absence of Jackal.  
Figure 7. Activity kernel density plots of the activity of Indian fox, jungle cat and jackal with 
domestic dog. Ticks along the y axis represent the actual observations for each of the species. 
Only the period between dusk and dawn was sampled and thus, the lack of activity in the middle 
part of the plots.  
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